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ABSTRACT
This thesis presents an experimental investigation of the flow-sound interaction mechanism
from inline cylinder arrangements in cross-flow which constitute the basic element in full-
scale arrays of tubes. The thesis aims to provide an understanding of the fluid-resonant
excitation mechanism including the details of energy transfer between the acoustic and flow
fields. First, the parameters affecting the Strouhal number and onset of resonance for the
first acoustic cross-mode are identified. Acoustic pressure spectra featured cavity modes
with characteristic length equal to the center-to-center spacing between cylinders. Cylinder
diameter had a significant effect on the acoustic pressure at resonance, while the effect of the
cylinder spanwise length was insignificant. Increasing the number of cylinders in the inline
arrangement resulted in a diminishing increase in the acoustic pressure. The parametric
investigation was used to develop a design criterion that can be used to predict and avoid
the occurrence of acoustic resonance in inline tube bundles during design stage.
Moreover, simultaneous measurements of the acoustic pressure and the dynamic lift on
each cylinder in an inline arrangement were used to investigate the mechanism responsible
for excitation of the pre-coincidence resonance. Orthogonal decomposition of the dynamic lift
force with respect to the acoustic pressure showed a significantly different contribution from
each cylinder in the inline row to the excitation of acoustic resonance. In arrangements of
four and five cylinders, positive equivalent acoustic damping was induced by some cylinders
which explained the diminishing increase in the sound pressure level as more cylinders were
added downstream of the arrangement.
Finally, the acoustic resonance excited by the flow around three unevenly-spaced inline
cylinders was investigated. Results showed that the Strouhal number of the periodic flow
excitation depends on the ratio between the two gap spacings as well as the spacing to di-
ameter ratios. Particle image velocimetry measurements indicated that the Strouhal number
associated to different arrangements is a result of different flow patterns. The excitation of
the pre-coincidence resonance was related to the flow pattern around the arrangement and
the incident flow dynamic head. Higher flow velocities resulted in a significant decrease in
the acoustic resonance frequency. In addition to characterization of Strouhal numbers of the
investigated configurations, this work provides the fundamental understanding necessary to
counteract the excitation of acoustic resonance in inline tube bundles.
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Symbol Unit Definition
B m cylinder spanwise length
c0 m/s speed of sound in air
cd 1 time-averaged drag coefficient
c′d 1 dynamic drag coefficient
cl 1 time-averaged lift coefficient
c′l 1 dynamic lift coefficient
cmh 1 dynamic lift component in-phase with acoustic velocity
cdh 1 dynamic lift component out-of-phase with acoustic velocity
D m cylinder diameter
fa Hz acoustic mode frequency
fν Hz vortex shedding frequency
k m−1 wave number
L m center-to-center in-line spacing between successive cylinders
Li j m center-to-center in-line spacing between cylinders i and j
M 1 Mach number
p Pa pressure
Pa Pa acoustic pressure amplitude
Pk Pa flow dynamic head
Prms Pa root mean square acoustic pressure
P∗ 1 normalized acoustic pressure
Re 1 Reynolds number
Rec 1 critical Reynolds number
S m center-to-center staggered cylinder spacing
SPL dB sound pressure level
St 1 Strouhal number
Stν 1 Strouhal number of vortex shedding
Stpre 1 Strouhal number of pre-coincidence resonance
T m center-to-center spacing of side-by-side cylinders
U∞ m/s free stream flow velocity
Ucr m/s critical flow velocity
Ur 1 Reduced flow velocity
X L m inline center-to-center cylinder spacing ratio
α ◦ flow incidence angle on a staggered configuration
φ ◦ phase angle between dynamic lift and acoustic pressure
θ ◦ phase angle between dynamic lift on successive cylinders
ψ ◦ phase angle between dynamic lift on the two sides of one cylinder




1.1 Background and motivation
Fluid flow over arrangements of cylinders is a recurring configuration in many engineering
applications. The resulting periodic phenomena from such flows have the potential to couple
with the acoustic modes of the system components and result in hazardous acoustic reso-
nance. In the last few decades, the introduction of super alloys and advancing manufacturing
technology led to designs with higher efficiencies, resulting in an increase in design flow
velocities in many applications, which contributed to several incidents of damage and/or
operation interruption attributed to flow-induced vibration and flow-excited acoustic res-
onance. The severe noise and vibration levels associated with acoustic resonance result
from a hazardous mechanism that amplifies the acoustic energy due to a feed-back cycle
between perturbations in the flow field and strong oscillations in the resonant acoustic field.
Acoustic standing-waves can be excited if the perturbations of the periodic flow phenomena
are favourably aligned with the acoustic particle velocity of the system. In addition, for the
feed-back cycle to take place, the frequency of the exciting periodic flow features should be
close to the excitable acoustic mode of the surrounding system. When conditions are favor-
able, acoustic pressure and particle velocity can grow significantly, reaching catastrophic
1
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levels. The strong acoustic field, in turn, influences the flow field, organizing and enhancing
the level of the flow perturbations, leading to efficient energy exchange.
To provide the necessary understanding of this potentially catastrophic phenomena,
researchers investigated acoustic resonance excited by flow around different arrangements
of cylinders. For inline tube bundles, most of the effort focused on providing empirical
formulation of conditions that may lead to acoustic resonance. Detailed description of
the physical flow-sound interactions in these arrangements is needed to enable accurate
modelling of the flow-sound interactions that take place at resonance. The energy exchange
mechanism responsible for excitation of acoustic resonance by the flow around a single
cylinder have been characterized suggesting a significant role of vortex shedding. More
recently, the flow around two tandem cylinders has been revealed to excite acoustic resonance
due to the shear layer separating on the upstream cylinder and impinging on the downstream
cylinder. The mechanism of this particular occurrence of acoustic resonance resembled the
aeroacoustic response of inline tube bundles more accurately than that excited by vortex
shedding. There is a need to bridge the gap in the current understanding of the underlying
physics of the flow-sound interaction mechanism by investigating the susceptibility of inline
arrangements of cylinders to acoustic resonance excitation by cross-flow. The effect of several
parameters on the excitation of acoustic resonance by the flow around inline arrangements
of cylinders still lacks thorough investigation. A systematic method to predict the conditions
for excitation of acoustic resonance is vital for safe designs of heat exchangers and high flow
velocity equipment that employ inline arrangements of cylinders.
At resonant conditions, the strong pressure oscillations create sound-induced forces that
enhance the amplitude and influence the phase of the fluctuating lift force on different
cylinders. The temporal and spectral characteristics of the acoustic pressure and its relation-
ship with the oscillating lift force are fundamentally related to the interactions that excite
and maintain acoustic resonance. Dynamic lift coefficients of inline cylinder arrangements
off resonance are needed to quantify fluctuating forces affecting cylinders over the typical
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operating range of Reynolds number. Moreover, the amplitude and phase of the dynamic
lift coefficients at resonant conditions can show the influence of the resonant field on the
flow field, and help understand the interactions that lead to severe noise generation. More
importantly, simultaneous measurement of dynamic lift coefficients on different cylinders in
an inline configuration can help identify the contribution of each individual cylinder to the
acoustic resonance excitation, revealing the effect of the total number of cylinders in the
arrangement.
In addition, the understanding of many aspects of flow and acoustic resonance excitation
around unevenly spaced cylinders is far from complete. Identification of the flow charac-
teristics and Strouhal numbers for this arrangement is also needed for its applications in
heat exchanger tube arrays, overhead cables, and offshore structures in ocean and wind
engineering. Uneven spacing between cylinders in an inline row can alter the flow struc-
tures and the excitation of acoustic resonance. Furthermore, for three cylinders, tuning
the center-to-center spacing between each two successive cylinders is a potential method
to control the occurrence of flow-excited acoustic resonance. The aeroacoustic response
and the flow characteristics around the arrangement of three inline cylinders with uneven
center-to-center spacing has not been reported at resonant nor non-resonant conditions.
1.2 Scope of the work
This work is carried out with three main objectives. First, the study aims to develop a
universal resonance criterion for use to predict excitation of pre-coincidence resonance
around inline arrangements of cylinders. Second, the work also aims to extend the current
knowledge of the energy exchange mechanism during flow-excited acoustic resonance to
the case of multiple inline cylinders through simultaneous measurements of dynamic lift
forces on all cylinders. The final objective of this work is to investigate the effect of uneven
spacing on the flow field and the aeroacoustic response of three inline cylinders.
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To achieve the objectives of this work, the following sets of investigations are carried out.
The excitation of acoustic resonance by flow over an inline row of cylinders is experimentally
investigated in an open-loop wind tunnel. A parametric investigation is carried out to identify
the effect of cylinder diameter, cylinder spanwise length, and the number of cylinders on
the spectral characteristics of the acoustic pressure excited by a row of inline cylinders.
The conditions necessary for excitation of acoustic resonance are identified from results of
the present set of experiments as well as previous similar investigations. The results are
then used to propose a parametric formula to check designs of inline cylinder arrangements
against susceptibility to acoustic resonance excitation in form of a parametric resonance
criterion.
Measurements of dynamic lift forces on multiple inline cylinders in proximity interference
are carried out before, during, and after the excitation of acoustic resonance. A test setup is
designed to enable accurate simultaneous measurements of dynamic lift force induced by
fluid flow on a number of equally-spaced inline cylinders. The effect of acoustic resonance
on the magnitude of the dynamic lift coefficients on a number of inline cylinders ranging
between two to five is studied. Simultaneous measurements of dynamic lift force on each
cylinder and acoustic pressure during resonance and off-resonance are carried out to provide
insight into energy exchange mechanisms for inline arrangements of cylinders in proximity
flow interference. Phase information obtained from simultaneous measurements of dynamic
lift forces and acoustic pressure is used to study energy exchange between flow and acoustic
fields and to identify the contribution of individual cylinders to the acoustic resonance.
Decomposition of the dynamic forces on individual cylinders enables an understanding of
their contribution to the acoustic resonance when the total number of cylinders is increased.
Furthermore, acoustic resonance excited by the flow around three cylinders of equal
diameter separated by uneven spacing ratios is experimentally investigated. In order to
investigate the conditions and characteristics of acoustic resonance excited by three unevenly-
spaced inline cylinders, experimental measurements are performed to characterize the
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aeroacoustic response of an optimized set of cylinder arrangements. Strouhal number of
periodic flow phenomena is reported, and particle image velocimetry measurements of the
flow field are used to describe the flow field. The effect of cylinder diameter as well as
the uneven spacing between cylinders on the onset of acoustic resonance and peak level of
acoustic pressure is characterized. Parametric formula are sought to predict the occurrence of
resonance and determine its level. The effect of flow velocity on the frequency of the acoustic
mode is discussed, pointing out the importance of taking this effect into consideration to
avoid underestimating the risk of resonance excitation in heat exchanger designs.
1.3 Thesis outline
This thesis consists of six chapters organized in the following order. This chapter is an
introduction to provide a background and declare the objectives and motivations of this work.
Chapter 2 presents a critical review of the literature related to this work and lays the necessary
foundations by identifying the research needs fulfilled by this work. Chapter 3 describes
the methodology and procedures followed to carry out the experimental investigations
and analyze and interpret the results of the experiments. Chapter 4 discusses a parametric
investigation of the aeroacoustic response of a row of inline cylinders. Chapter 5 includes the
results and discussion of the measurements of dynamic lift force on multiple inline cylinders
of equal diameters. Chapter 6 discusses the aeroacoustic response of three unevenly-spaced
inline cylinders. Finally, the conclusions of this work as well as the contributions and




The problem of external flow over cylinders have historically been a cornerstone in the fields
of fluid mechanics and acoustics. When separation of fluid flow occurs over a substantial
portion of the surface of an object, it is classified as a bluff body. For a sharp-edged body,
separation occurs on salient edges, whereas for continuously curved surface separation is
triggered at locations that depend on the shape of the body and the state of the boundary
layer generated near the wall of the body.
Flows at a low Reynolds number Re around one remain stable after separating over the
surface of a curved body. For a Reynolds numbers beyond a critical value determined by the
geometry, the separated flow becomes unstable and develops into unsteady wake motion.
The mutual interaction between the two separating shear layers is the dominating factor
in the behavior of the flow in the wake region. The vortex takes energy from one shear
layer circulation and continues to grow until it is strong enough to pull the opposite shear
layer across the wake region. The next region of flow circulates at an opposite direction and
thus the energy supply to the vortex is cut. The vortex is shed downstream and starts to
fade. Sheets of the boundary layer roll up into successive cylindrical regions circulating in
6
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Figure 2.1: Visualization of laminar and turbulent vortex streets at different Reynolds num-
bers [3]
antisymmytric directions. Vortex shedding is characterized by continually forming regions of
high vorticity [1, 2]. Figure 2.1 shows a visualization of the vortex street behind a circular
cylinder at different Reynolds numbers.
A description of the various regimes in the wake region of a single cylinder is presented by
Williamson [3]. Many factors influence the transition between the various regimes, including
turbulence levels, roughness, aspect ratio, end conditions, and flow blockage. The overall
trend is however consistent and can be summarized as follows:
For a very low Reynolds number up to 49, a steady wake regime forms downstream
of the cylinder. Two symmetrically placed vortices circulate in opposite directions steadily
downstream of the cylinder [4]. Increasing Re causes the length of the recirculation region to
increase. At Re = 50 to 140, instabilities are observed in the wake. With careful adjustment
of end conditions, purely periodic and two dimensional wake oscillations can be detected.
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At Re around 300, a hysteresic transition causes the formation of streamwise vortex pairs.
The wavelength of these pairs is in the range of 3 to 4 cylinder diameters D. Increasing Re
further towards 1000 causes higher disorder in the three-dimensional structures. For Re of
more than 1000, instabilities increase in strength and three-dimensional structures start to
dominate the vorticity, associated with a reduction in the two-dimensional Reynolds stresses.
Around the critical value of Re = 2×105, the drag force decreases drastically causing a drag
crisis, and the separation point moves further downstream to 140◦ relative to the stagnation
point. At post-critical wakes, the boundary layer on the surface of the cylinders is fully
turbulent. At these conditions, separation occurs further upstream, and the cylinder bears
a higher drag and creates a wider downstream wake [3]. However, strong periodic vortex
shedding was observed by Roshko [5].
The flow around a circular cylinder is known to be generally two-dimensional at low
Reynolds numbers. However, various three-dimensional phenomena have been reported in
this range of Reynolds numbers [6]. For 40 <Re <60, rolling vortices form straight cylinders
with an axis parallel to the cylinder axis [7]. At Re around 100, vortices start to shed slantwise
[8]. The threshold and the angle of inclinations of the vortices are highly dependent on
slight differences in the experimental conditions [6].
Scarano and Poelma [9] experimentally studied the structure and time evolution of the
vorticity pattern in cylinder wakes with time-resolved tomographic particle image velocimetry
to investigate the three dimensional vorticity field downstream of a single cylinder. Counter-
rotating vortex pairs are the essential instability captured downstream of the cylinder starting
from Reynolds numbers as low as Re = 360. Besides, asymmetrical self-sustained chain of
rhombus vortex cells has been observed in the wake. However, increasing the Reynolds
number causes the rolling streamwise vortices to establish its overall regularity.
As the Reynolds number increase beyond 350, the free shear layers separating on the
surface of the cylinder start a transition into a turbulent state. The two opposite shear
layers roll up into transition vortices at Re between 2×103 and 40×103. At Reynolds number
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between 4×104 and 2×105, the shear layers become fully turbulent [10]. The fully turbulent
shear layers form vortices close to the rear of the cylinder. Further increasing Re to around
105 causes a drag crisis, attributed to the inherent three-dimensionality of the onset of
the transition which disturbs the near wake and delays the formation of vortices. At such
high Reynolds numbers, periodic vortex shedding can be prevented by the disruption and
fragmentation of separation on the cylinder surface.
The frequency of vortex shedding resulting from a single cylinder has been studied by
many researchers over the full range of Reynolds number. Downstream of a circular cylinder
of diameter D immersed in a flow of upstream velocity U∞, vortex shedding occurs at a





A significant scatter in the measurements is reported in the low range of Reynolds
number have been always present even with the tools to measure the involved quantities
with sufficient accuracy [4]. Figure 2.2 shows that Strouhal number increases as a function
of Re−1.
At higher Reynolds numbers, measurements show a higher scatter in Strouhal numbers.
Gerrard [1] measured several values of Reynolds number at the same Reynolds number and
proved that this scatter is not due to particular measurement accuracy but rather an intrinsic
property of flow at this Reynolds number. A compilation of data showing the effect of Re on
St is included in figure 2.3.
2.2 Flow around arrangements of parallel cylinders
Arrangements of cylinders are often encountered in many engineering applications with
fluid flow. The behaviour of flow fields around such arrangements can be critical to the
function of some applications such as heat exchangers, electronic components, and energy
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Figure 2.2: Strouhal number of vortex shedding downstream of a single cylinder at low
Reynolds number, Williamson [3]
harvesting devices. In some other cases, flow around arrangements of cylinders can pose
limits on the structure or the function for applications such as off-shore structures, high-rise
buildings, external parts of vehicles and aircrafts, marine cables, industrial plant chimneys,
and stacks of pipes. Detailed knowledge of the characteristics of flow is needed to enable
safe design, which require in-depth information about flow velocities, wake structures, as
well as any steady and periodic forces exerted by the fluid on the structure components.
For safe and efficient operation, this information is required to verify that structures can
withstand and safely operate under fluid forces. Moreover, any periodic phenomena can
lead to rise of flow-structure and/or flow-sound interactions, which can potentially lead to
extreme structural or acoustic resonance. It is also important to characterize flow energy loss,
and identify possible ways of flow control. As a result, this practical need spurred interest
in investigating the flow around different configurations of cylinders. Many investigations
often used local flow measurements in water channels or wind tunnels using hot wires,
hot films, flow visualizations, and particle image velocimetry. Besides, a significant class
of investigations over recent years has utilized numerical simulations, most often at low
Reynolds numbers. In this section, a critical review of the recent literature reporting on the
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Figure 2.3: Compilation of Reynolds number effect on Strouhal number at high Reynolds
number, courtesy of Zdravkovich [10]
flow around arrangements of cylinders is presented, starting with the case of two cylinders,
and moving to more complex arrangements.














Figure 2.4: Possible arrangements of two parallel cylinders in cross flow
2.2.1 Flow around two parallel cylinders
The geometry of the case of two cylinders has been regarded as the basic unit to build complex
arrangements of cylinders. Although it can be characterized by a small number of parameters,
there is an infinitely large number of possible configurations that can be represented by the
cylinder diameters D , center-to-center spacing S, and the angle α between the flow and the
line connecting the center of the two cylinders, creating the arrangements in figure 2.4.
Tandem cylinders (S = L, α = 0◦) and side by side cylinders (S = T , α = 90◦) are special
arrangements, often investigated in more detail in many studies. Investigations of the flow
around the two cylinders usually aim to identify the effect of the configuration parameters
as well as other parameters such as the cylinder aspect ratio and the Reynolds number on
the wake structures and the dynamics of the vortices in the wake. Visualization studies
aim to relate the flow patterns to the geometry of the row at certain Reynolds numbers.
Experimental or numerical studies usually investigate the effect of controlling parameters on
the frequency of periodic vortex shedding and thus on periodic forces by reporting Strouhal
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Figure 2.5: Classification of flow patterns around two tandem cylinders, Igarashi [12]
number(s) for each configuration. In the following sections, an overview of the current
understanding as well as the contradictions and shortcomings in the available knowledge
are discussed.
2.2.2 Wake structure and vortex dynamics
Investigations of flow around arrangements of two cylinders date back to the 1930s, when
Biermann and Herrnstein Jr [11] reported the interference drag rising from various arrange-
ments of streamlined and bluff bodies who were the first to report that interference between
two parallel cylinders can cause a considerable change in the fluid forces, and that interfer-
ence drag can reach magnitudes larger than the drag on isolated bodies. As an early effort
to investigate the flow patterns around two tandem cylinders, Igarashi [12] used hot wire
measurements and flow visualizations to classify the different patterns of flow around two
tandem cylinders according to their spacing ratios L/D. Igarashi [12] used cylinders of a
diameter D = 34 mm, and span-wise length B = 600 mm at Re = 8.7×103 to 5.2×104.
Igarashi described six flow patterns around two tandem cylinders according to their
spacing ratio L/D, shown in figure 2.5. The pattern of flow depends on the center-to-center
spacing ratio as well as the Reynolds number. When the cylinders are nearly touching each
other, the separated shear layer from the upstream cylinder does not reattach onto the
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Figure 2.6: Regions of interference and patterns of flow around two cylinders. P: proximity,
W: wake, SS: side-by-side, S1, S2: staggered, SD: staggered downstream, SG: staggered
gap. Zdravkovich [14]
downstream cylinder, and the two cylinders behave like an elongated bluff body. Igarashi
[13] later reported a unique behavior for such small spacing, which is that Strouhal number
decreases with an increase in Reynolds number. As the spacing or Reynolds number increase,
the shear layer of the upstream cylinder starts to alternately reattach on the downstream
cylinder in synchronization with the vortices in the near wake of the downstream cylinder.
Higher spacing ratio causes a pattern of quasi-stationary vortices between the two cylinders.
Further increase in spacing ratio causes these to become unstable and intermittent vortex
shedding can be observed. At spacing ratios higher than 3.0 and sufficient Reynolds number,
the shear layer separating on the upstream cylinder starts to roll intermittently before
impinging on the downstream cylinder. At transition stages between patterns, bistable
regimes of more than one pattern can occur. Spacing ratios higher than 4.0 cause the two
cylinders to shed separate vortices. Igarashi [12] recognized and quantified an effect of
Reynolds number on the flow pattern at different spacing ratios for L/D between 1.1 and
2.0.
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Zdravkovich [14] categorized the effects of the relative location of cylinder centers
on the flow around two cylinders, and split the space around each of the two cylinders
accordingly into four different zones shown in figure 2.6. Each zone is characterized by
the flow pattern that result from positioning the other cylinder inside it, including wake
interference, proximity interference, combined interference, or no interference. The flow
around one cylinder is influenced by other cylinders in proximity up to a certain center-to-
center spacing, which causes proximity interference that takes place commonly for side-by-side
and highly staggered cylinders. The wakes of two cylinders in proximity interference affect
each other, and vortex shedding of the two cylinders become coupled at high spacing ratios.
Cylinders in proximity interference and closer to each other can result in asymmetric wakes,
where the vortex street of the one cylinder wider than the other. Side-by-side cylinders that
are very close to each others (S/D < 1.2) have very weak gap flow and essentially shed
one vortex street as a single bluff body. For smaller incidence angles (75◦ > α > 15◦), the
upstream wake is pushed laterally by the wake of the downstream cylinder. In this case,
the shear layer separated from the upstream cylinder does not reattach on the downstream
cylinder
The wake of one cylinder has a significant effect on the flow around cylinders downstream,
causing wake interference. Zdravkovich [14] indicated that the upstream cylinder sheds
vortices that influence the wake of the downstream cylinder. On the other hand, Alam and
Zhou [15] showed that two different effects can occur depending on the incidence angle
α. For slightly staggered configurations, the vortex street of the upstream cylinder triggers
another vortex street from the downstream cylinder, while only one vortex street is formed
for tandem cylinders. In either case, vortices shed by the two cylinders are phase-locked,
with the phase lag between them determined by the vortex convective velocity. Moreover,
Zdravkovich [14] suggested that the upstream cylinder is not affected by the cylinder in
wake interference with it and essentially behaves like an isolated cylinder. However, Alam
et al. [16] showed that the downstream cylinder at a spacing ratio as high as L/D = 8.0
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causes a significant change in the flow pattern around the upstream cylinder in terms of
a reduced Strouhal number and an increase in the mean drag and dynamic drag and lift
forces.
If a cylinder is in close proximity to another cylinder, and at the same time directly in
its wake, a combined effect of proximity and wake interference would take place. The flow
structures identified by Igarashi [12] for tandem cylinders in close proximity is a special
case of the patterns in this region. The gradual increase in the spacing ratio L/D between
two tandem cylinders causes transition between stable and bistable patterns. The gap flow
between two slightly staggered cylinders in wake-proximity interference is biased towards
the wake of the upstream cylinder, while shear layers separating on the upstream of two
tandem cylinders may overshoot alternately [17, 18]. At low incidence angles in the range
10◦ < α < 15◦ and high Reynolds numbers, Gu and Sun [19] found that the shear layer
separating on the upstream cylinder side towards the downstream cylinder reattaches onto
the downstream cylinder.
Flow patterns around two cylinders are generally not affected by each other if the two
cylinders are placed in the no interference region outside the three aforementioned regions.
The observed values of Strouhal numbers as well as the fluid forces are equal to those of
an isolated cylinder [17]. In general, the extent of the regions of interference as well as
some aspects of the flow are dependent upon Reynolds number, aspect ratio, and upstream
turbulence intensity of the flow [20].
Sumner et al. [17] utilized direct visualization of the flow field using both dye injection
and particle image velocimetry to identify and categorize flow patterns around two cylinders
at Re = 850 to 1900 for center-to-center spacing ratios S/D between 1.0 and 5.0, and for the
range of incidence angles between α = 0◦ and 90◦. Although this method gives uncertain
values of shedding frequencies and does not quantify fluid forces, it enabled Sumner et al.
[17] to observe nine patterns of flow around the two cylinders, grouped by the range of
incidence angle, as shown in figure 2.7.



























Figure 2.7: Patterns of flow around two cylinders, Sumner et al. [17]
At very small spacing ratios S/D < 1.125 where cylinders are essentially touching, the two
cylinders act as a single bluff body. In this case, two different patterns can occur according
to the value of incidence angle α. For α < 45◦, two shear layers of different lengths are
observed since the shear layer from the upstream cylinder is usually more stretched and
prone to instabilities. On the other hand, two nearly-touching cylinders of an incidence
angle α > 45◦ form two shear layers of the same length with irregular vortex shedding.
At such high angles of incidence and at slightly higher spacing ratios of S/D < 1.25, flow
through the gap between the cylinders resembles a base bleed from a bluff body. For two
side-by-side cylinders, Sumner et al. [21] observed that fluid flow through the narrow gap
causes a longer near-wake region and vortex formation length.
The flow patterns around two cylinders with higher spacing ratios are significantly
different. At small incidence angles not exceeding 20◦, no flow passes through the gap
between the two cylinders due to the formation of a shear layer on the upstream cylinder
that attaches downstream and traps circulating flow. Thus, only a single vortex street is
formed. At small angles of incidence reattachment occurs steadily and shows no periodicity.
In contrast, the shear layer alternates on the two sides of two cylinders with α = 0◦ [12].
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This difference stems from the symmetry of the two tandem cylinders which results in equal
stability of the two shear layer positions on the two sides. Shear layers do not reattach on
the downstream cylinder if the angle of incidence increases to around 30◦ and the inner
shear layer from the upstream cylinder can be deflected into the gap permitting some of the
flow to pass through the gap. The two shear layers bounding the near wake of the upstream
cylinder roll up into small vortices periodically. Consequently, the periodic wake flow of
the upstream cylinder induces and influences separation on the downstream cylinder. The
two periodic flows are synchronized to the same frequency, and result in one of the two
different street of vortices, while the other vortex sheet is formed from the outer shear layer
separating on the downstream cylinder. Each shear layer has its different vortex formation
length, and its own frequency of shedding.
At spacing ratios S/D> 3.0, shear layers separating at the surface of the upstream cylinder
starts to roll into vortices before it reattaches on the downstream cylinder. The pattern of
vortex impingement described by Sumner et al. [17] is similar to the uninhibited, essentially
isolated cylinders of the shear layer roll up observed by Igarashi [12]. In tandem cylinders,
the vortex street becomes highly distorted after passing by the downstream cylinder [21].
For the staggered case, Sumner et al. [17] observed induced vorticity generated around the
downstream cylinder caused by an impinging and rapidly deforming vortex street.
For higher incidence angles up to α= 90◦, flow through the gap between the two cylinders
is deflected away from the streamwise direction resulting in two distinct vortex shedding
frequencies. The flow within the near-wake becomes synchronized and pairs of vortices are
formed. In this case, one street of vortices forms due to alternating vortex shedding on the
two opposite sides of the wake. For staggered arrangements, vortices on the opposite sides
of the downstream cylinder become synchronized as the spacing ratio gets smaller. As the
vortices form closer to one another, they form pairs of counter-rotating vortices, enveloped
by a street of smaller vortices shed by the upstream cylinder. A similar enveloping street of
vortices was observed around two side-by-side cylinders [21]. Moreover, as incidence angle









Figure 2.8: Typical flow structures of flow around two cylinders, Hu and Zhou [22]
increases the gap flow becomes less deflected, and the enveloped street of vortices starts
further downstream.
More recently, Hu and Zhou [22] used hot-wire, flow-visualization, and particle-image
velocimetry to identify the flow structures around two cylinders in proximity, with spacing
ratios S/D up to 4.0 at Re = 7×103. They identified different structures based on the
downstream evolution of the flow structure, defining five distinct regions around the cylinder
which can be seen in figure 2.8. Hu and Zhou [22] classified the flow structures based on the
number of vortex streets downstream of the cylinders into single (S) or twin (T) vortex street
regions. The Single bluff body mode S-I results in a single vortex street, and the vorticity
is much higher when the two cylinders are nearly touching. The vortex street when the
downstream cylinder is in the region causing S-Ia and S-Ib modes is antisymmetric about the
wake centre line with alternating vortices. At moderate spacing ratios and incidence angles,
wake mode S-II results in two vortex streets of different Strouhal numbers, which join further
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Figure 2.9: Effect of Reynolds number on flow patterns around two tandem cylinders,
Igarashi [12]
downstream. For higher spacing ratios and incidence angles, two vortex streets can be seen
at different frequencies, which can be a result of the different shear layer roll up frequencies
observed by Sumner et al. [17]. The vortex streets travel to different distances at different
strengths downstream. At highly staggered and side-by-side arrangements (α > 88◦), the
two vortex streets become coupled and alternate at the same frequency, antisymmetrically
around the cylinder center-connecting line.
2.2.3 Effect of Reynolds number
Many studies reported an effect of Reynolds number on the flow structures around two
cylinders. Igarashi [12] reported that at lower Reynolds numbers, the no-reattachment
pattern can be observed for tandem cylinders with spacing ratios up to L/D = 2.0. Igarashi
[12] also noted that some bistable or unstable patterns exist only at certain ranges of Reynolds
number. The effect of Reynolds number on the flow patterns around two tandem cylinders
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Figure 2.10: Effect of Reynolds number on flow patterns around two side-by-side cylinders.
The solid and open symbols represent the detection of one or two dominant Strouhal numbers,
respectively, Xu et al. [23]
can be seen in figure 2.9.
Xu et al. [23] investigated the effect of Reynolds number on the flow structure down-
stream of two side-by-side cylinders. They showed that the spacing ratio T/D at which
a transition occurs from a single street to two vortex streets increases at lower Reynolds
numbers. Figure 2.10 shows that the value of 1.30 at Re > 800 decreases to nearly 1.75 for
laminar flow.
2.2.4 Strouhal number
Periodic phenomena constitute one of the primary characteristics of the flow around two
cylinders. The frequency of these phenomena is often reported as a main parameter in form
of a Strouhal number, defined by equation 2.1. For two tandem cylinders, Igarashi [12]
reported the Strouhal numbers at two different Reynolds numbers over a range of spacing
ratios L/D = 1.0 to 5.0 by examining the frequency spectra of velocity measurements
downstream of the row, at a location near the passing vortex cores. Figure 2.11 shows that
when the two cylinders are nearly touching each other, the values of St are highly sensitive
to spacing, and drop rapidly from 0.27 at L/D = 1.0 to 0.14 at L/D = 1.3. For spacing
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Figure 2.11: Strouhal number of tandem cylinders, Igarashi [12]
ratios higher than 2.0, Reynolds number effect is not significant. Igarashi [12] reported a
jump in Strouhal number of flow perturbation around two tandem cylinders at a spacing
ratio L/D = 3.0, which is related to a transition into a pattern of shear layer roll up between
the two cylinders Alam et al. [24]. As spacing ratio increases, the two cylinders become
essentially isolated and the value of St approaches that of a single cylinder.
More recently, Xu and Zhou [25] reported identical vortex shedding frequencies for the
two tandem cylinders using spectral analysis of the velocity spectra of points between and
downstream of the two cylinders. Figure 2.12 shows the effect of the spacing ratio and
Reynolds number on the Strouhal number observed for two tandem cylinders. The reported
values are close to those reported by Igarashi [12]. Xu and Zhou [25] noted that the St
sensitivity to L/D is dependant upon the flow regime. Alam et al. [16] obtained values
of St using frequency analysis of the dynamic lift forces, static pressure, and fluctuating
velocity on two side-by-side cylinders for different spacing ratios at Re = 5.5 ×104 . As
shown in figure 2.13, side by side cylinders at spacing ratios T/D higher than 1.2 shed
vortices at only one frequency equal to that of a single cylinder. At lower spacing ratios,
















































Figure 2.12: Strouhal number observed around two tandem cylinders, Xu and Zhou [25]
three different modes of shedding are identified and related to the different shear layers
described by Sumner et al. [17] who reported that the vortex shedding frequencies are
associated with the individual shear layers on the two sides of the two cylinders rather than
vortex shedding on each individual cylinder. In some cases, the two shear layers can become
unstable and shed vortices of different sized independently at different frequencies.
Using velocity measurements in the wake of the two cylinders, Kiya et al. [26] reported
the Strouhal number of vortex shedding from two staggered cylinders at Re = 1.58×104 .
Figure 2.14 shows the Strouhal numbers observed in the wake of one cylinder for various
locations of the other cylinder, covering all possible configurations. Data is shown for the
two shear layers, with the upper shear layer shown to the right and the lower shear layer
shown to the left of figure 2.14. Observations of Kiya et al. [26] do not indicate bistable or
unstable modes, probably due to the spectral averaging.
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Figure 2.13: Strouhal number observed around two side-by-side cylinders, Alam et al. [16]
S/D
Figure 2.14: Strouhal number of two staggered cylinders, Kiya et al. [26].
Alam and Sakamoto [27] used pressure tabs on the surface of two staggered cylinders to
investigate the Strouhal numbers for various incidence angles and spacing ratios at Re = 5.5
×104. At low incidence angles α < 10◦, the two cylinders shed vortices at the same frequency.
An increase in the incidence angles give rise to two different values of St that approach the
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Figure 2.15: Contours of Strouhal number of the primary mode around two staggered
cylinders, Alam and Meyer [28]
same value at significantly higher spacing ratios S/D. At low spacing ratios, the two modes
responsible for the two values of St occur intermittently. As the spacing ratio between the
cylinders increase, the two start to coexist in the spectra indicating shear layer interactions.
An extensive map of the strouhal number observed around two staggered cylinders in
proximity is presented by Alam and Meyer [28]. Using fine measurement steps, Alam and
Meyer [28] revealed regions of bistable and tristable regimes The contour map of the first
mode is shown in figure 2.15. The secondary and tertiary modes are much weaker and
appear at very limited locations.
The effect of Reynolds number on the values of Strouhal number was a subject of
contradicting data, sometimes due to the fine differences in measurements and analysis
procedures, and mostly due to disagreement on definitions of critical limits for transition
conditions[14, 17, 20]. Igarashi [13] reported a rapid decrease of St with the increase of Re
at small spacing ratios for two tandem cylinders. Figure 2.16 shows that for two tandem
cylinders at certain spacing ratios, the Strouhal number decreases at a critical Reynolds
number. Xu and Zhou [25] provided more detailed data and observed that bistable effects
can occur at certain values of Reynolds number and spacing ratios, as seen in figure 2.17.
If the gap between the two side-by-side cylinders is smaller, near-wall effects in the gap
are stronger. Consequently, the transition from the one-street to the two-street flow structure
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Figure 2.17: Effect of Reynolds number on the Strouhal number at different spacing ratios
between two tandem cylinders, Xu and Zhou [25]
occurs at a larger Reynolds number [23]. Moreover, intermittent flopping of the shear layers
from one side to another occurred at an exponentially smaller interval at higher Reynolds
numbers [29].
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The effect of Reynolds number on the Strouhal number in the wake of two staggered
cylinders was investigated by Zhou et al. [30] who noted that the critical spacing ratio at
which jumps in St are observed depends on the thickness of the boundary layer, which in
turn depends on Reynolds number. As a result, there is a critical value of Reynolds number
after which the boundary layer is thin enough that no further change in the critical spacing
ratio would occur with increases in Re .
2.2.5 Aerodynamic forces
Cylinders exposed to fluid flow are subjected to time dependent forces. The common con-
vention used is to decompose such hydrodynamic or aerodynamic forces into time-averaged
and dynamic forces in the spanwise, streamwise, and normal directions. Unless the aspect
ratio of the cylinder is very low, or it is affected by special end conditions, spanwise flow
forces are negligible [31, 32]. Forces in the streamwise direction are conventionally called
drag forces, while lift forces act normal to both streamwise and spanwise directions. Mean
forces are reported in many cases for their relevance to a wide range of applications, while
measurement of dynamic forces are less frequently reported due to practical measurement
difficulties [20].
Alam et al. [24] experimentally investigated the force coefficients on two cylinders in
tandem arrangement at Re = 6.5×104. Figure 2.18 shows the time averaged drag coefficient,
dynamic lift coefficient, and dynamic drag coefficient on two tandem cylinders at different
spacing ratios. When the cylinders are nearly touching, the time-averaged drag coefficient
on the upstream cylinder is negative and the cylinder is under a thrust force. A local peak
in the time-averaged drag coefficient on the upstream cylinder for proximity interfering
cylinders takes place at 2.5 due to the effect of reattachment of the shear layer on the flow
within the gap. For spacing ratios higher than 4.0, the time-averaged drag coefficient on the
upstream cylinder becomes identical to those on an isolated cylinder, while the downstream
cylinder become exposed to positive drag.








Figure 2.18: Time-averaged drag coefficient, dynamic lift coefficient, and dynamic drag
coefficient on two tandem cylinders, Alam et al. [24]
Moreover, the dynamic lift and drag coefficients on two tandem cylinders is significantly
affected by the spacing [24]. Both coefficients on the downstream cylinders reach a local
peak around L/D = 2.5. The upstream cylinder is exposed to low dynamic coefficients as
long as spacing is lower than 4.0. Vortices start to roll up in the shear layer between the
two cylinders at a spacing ratio of 4.0, causing a spontaneous jump in the dynamic lift and
drag coefficients. While spacing increases further than 4.0, dynamic coefficients on both
cylinders continue to decrease gradually approaching values on an isolated cylinder.
Time averaged and dynamic force coefficients on two side by side cylinders are reported
by Alam et al. [16]. The symmetry of this arrangement means observed forces are the same
for both cylinders, but dynamic forces can fluctuate simultaneously or alternately. Forces
at T/D > 1.5 are basically identical to those of isolated cylinders. At lower spacing ratios,
two values can be observed intermittently depending on the structure of the wake, either













Figure 2.19: Time averaged and dynamic lift and drag coefficients on two side-by-side
cylinders, Alam et al. [16].
narrow or wide, as shown in figure 2.19. The time averaged coefficients are higher for the
narrow wake mode than those for the wide wake due to the higher flow velocities closer to
the cylinders. The time-averaged drag coefficient, as well as both dynamic coefficients reach
a minimum at T/D = 1.5. The time-averaged lift coefficient is nearly zero for very narrow
spacing, then as flow passes at high velocity between the two cylinders, the two cylinders
are affected by a large time-averaged lift force. Increasing the gap between the side-by-side
cylinders results in a rapid decrease in the gap flow, therefore decreasing the time averaged
lift coefficient.
Alam and Meyer [28] compiled detailed contour maps for the mean and dynamic lift
and drag forces on a cylinder when placed at different locations relative to another cylinder.
Figure 2.20 superimposes the contour maps of force coefficients on the flow pattern maps of
Hu and Zhou [22] to reveal the effect of the flow pattern on the time-averaged and dynamic
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Figure 2.20: Controus of force coefficients affecting one cylinder when placed in proximity
of another cylinder superimposed on the different flow regions [22, 28], courtesy of Zhou
and Alam [20]
lift forces. Forces on the downstream cylinder are much more sensitive to changes in S/D
and α. The time-averaged lift coefficient remains nearly zero for most locations except in
the flow pattern that has two vortex streets with two different strengths S-II because the
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two shear layers around the downstream cylinder cause asymmetric flow velocities [22].
Upstream cylinders with spacing less than 3.0 are exposed to much less drag, dynamic lift,
and dynamic drag than isolated cylinders. On the other hand, the downstream cylinder in
a staggered configuration at low incidence is exposed to dynamic drag and lift coefficients
higher than that of an isolated cylinder due to the influence of the paired vortex stream
pattern.
2.3 Flow around inline arrangements of cylinders
The complex behavior of the flow patterns, fluid forces, and periodic phenomena in the
flow around two cylinders revealed through decades of research paved the way to study
different arrangements of cylinders. The whole range of flow characteristics discussed in
section 2.2 establish a guiding base for understanding flow patterns and recognizing the
different flow phenomena. However, little attention has been given to such arrangements
until recent years, mainly due to the vast range of flow aspects of simple configurations
that are still under investigation. The scope of the term inline mentioned in the context
of this literature is similar to that of this study as a whole, which is similar structures with
cross-section centers positioned exactly on a streamwise line. The characteristics of flow
around inline arrangements of cylinders remain an important field where more research
is needed to provide the necessary knowledge for applications that span different fields of
engineering.
Early investigations were conducted to study heat transfer characteristics with an as-
sumption that flow around the first few cylinders in an inline row is similar to that around a
single cylinder [34]. The complexity of the flow field revealed in these investigations spurred
an interest that went on to take gradual steps towards complexity. Aiba and Yamazaki [34]
investigated the basic flow and heat transfer properties around the configuration of three
inline cylinders, assuming that the second cylinder in a group of three inline cylinders be-
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Figure 2.21: Drag coefficient on three inline cylinders at different spacing ratios, Dalton and
Szabo [33]
haves like a general cylinder in an inline bundle. Results were unclear on the possibility of
shear layer separation on the surface of the upstream or the middle cylinders, and dismissed
the presence of more than one shear layer on each side around the three cylinders.
Dalton and Szabo [33] used strain gage measurements to calculate the drag on two and
three cylinders of the same diameter at spacing ratios over the proximity range at Reynolds
numbers between 2.78×104 to 7.82×104. Results presented in figure 2.21 show the drag
coefficients on each of the three inline cylinders at four different Reynolds numbers. Dalton
and Szabo [33] noted that the time-averaged drag coefficient on the upstream cylinder is
not significantly changed from the case of two tandem cylinders, and that drag coefficients
are not sensitive to Reynolds number. Moreover, the drag coefficients on the middle and
downstream cylinders are higher than those in the two-cylinder case. The positive drag on
the middle cylinder suggested that it is not in symmetric flow conditions and that flow in





























Figure 2.22: Time-averaged drag coefficient and Strouhal number on three inline cylinders
of the same diameter Igarashi [36]
the two gaps, which are similar in length, may be fundamentally different.
To provide knowledge about heat transfer and flow characteristics around tubes in a
bank, Aiba et al. [35] investigated the configuration of three inline cylinders at equal spacing
ratios. Using tripping wires upstream of the cylinders, Aiba et al. [35] simulated the effects
of the high turbulence intensity at a relatively low Re of 12×103 to 52×103 . Results showed
that the wake becomes narrower at higher turbulence, and that the time-averaged drag
coefficient on the middle cylinder jumps from negative to positive value at much smaller
spacing ratios L/D, indicating that the flow patterns within the two gaps are more sensitive
to changes in Reynolds number. Aiba et al. [35] related changes in the wake width and
time-averaged drag coefficient to changes in separation point location on the middle cylinder.
One of the earliest investigations that probed the detailed characteristics of the flow
around inline configurations of cylinders was that of Igarashi [36] for evenly-spaced three
inline cylinders. The experimental study used hot wire and smoke visualization to investigate
the behavior of the shear layer separating from the upstream cylinder at a Reynolds number
range of 1.09×104 to 3.92×104. Frequency analysis of the hotwire data provided details
of the Strouhal number and the stability of different flow regimes. Figure 2.22 shows the
L I T E R AT U R E RE V I E W 34
Table 2.1: Flow patterns and the shear layer behavior in the two gaps around three evenly-
spaced inline cylinders, Igarashi [36]. (C): gap circulation, (R): reattachment of shear layer
on cylinder, (V): vortices roll in the gap.
Flow pattern Shear layer behavior Conditions St cd
A (C, C) Re <Rec 0.23 -0.6
B’ bistable (C,C) or (C,R) Re∼ Rec, L/D = 1.32
B (R,R) Re> Rec, L/D <2.21 0.1 -0.4
C (R,V) 2.21< L/D <3.24 0.13 -0.2
D (V,V) L/D >3.24 0.17 0.35
E (R,V) or (V,V) L/D = 3.24
coefficient of drag as well as Strouhal number of vortex shedding on the three cylinders at
different spacing ratios. The time-averaged drag coefficients in figure 2.22 were obtained
by integrating the static pressure forces on the surface of the cylinders. The spurious jump
in the drag force on each cylinder at L/D = 1.32 is due to the reattachment of the shear
layer separated at the upstream cylinder surface on the downstream cylinder surface. The
jump increases drag on both upstream and middle cylinders, and decreases drag on the
downstream cylinder slightly.
Igarashi [36] suggested that Reynolds number had no effect on the Strouhal number of
vortex shedding downstream of three inline cylinders if the spacing ratio increases beyond
L/D = 1.32. Igarashi [36] postulated that a critical Reynolds number Rec exists for small
spacing ratios at which the shear layer reattaches on downstream cylinders, causing the
Strouhal number to drop abruptly. Another jump associated with bistable behavior occurs
at L/D = 3.24, where the shear layer separated at the upstream cylinder becomes unstable
and rolls into vortices upstream of the middle cylinder.
The behavior of the shear layers around three cylinders at different spacing ratios can
be inspected using long exposure and instantaneous visualizations in figure 2.23. At small
spacing ratios (e.g. L/D = 1.18), shear layer develops straight and remains stable without
reattachment on the middle or downstream cylinders. When the spacing ratio increases
to 1.76 at Re > Rec, the separated shear layer reattaches on the middle and downstream












Figure 2.23: Flow patterns visualized around three inline cylinders of the same diameter
cylinders alternately. A further increase to L/D = 2.35 triggers shear layer reattachment
on the middle cylinder,whereas the shear layer becomes unstable over the downstream gap
and rolls into vortices that impinge on the downstream cylinder. Instability creeps relatively
upstream and causes vortices to roll in the two gaps at L/D > 3.24. Two bistable patterns
occur at the transition between patterns, in which case the two different patterns alternate
and the two Strouhal numbers appear intermittently in the spectra.
A summary of the flow patterns described by Igarashi [36] for the case of three evenly
spaced inline cylinders and their conditions is shown in table 2.3.
Extending their investigations, Aiba et al. [37] studied heat transfer and drag force for
four inline cylinders at equal spacing. Measuring time-averaged drag coefficient as a gauge
that indicates flow separation, Aiba et al. [37] noted that the third and fourth cylinder
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Re = 1300
L/D = 1.8
Figure 2.24: Flow visualization of four inline cylinders, Aiba et al. [37] .
in the configuration exhibit flow characteristics similar to the third cylinder in a group of
three inline cylinders, which indicates an approach to a limiting behavior as the number of
cylinders increases. However, they also reported that adding the cylinder introduced novel
features to the flow around the first two cylinders. In addition, Aiba et al. [37] observed a
narrower wake around the third and fourth cylinder than around the upstream cylinder, and
related that to the different separation point on each cylinder and to interactions between
separated shear layers. Flow visualization at small spacing ratios in figure 2.24 shows
vortices separating only downstream of the fourth cylinder.
Noting that the work of Aiba et al. [37] was performed at only one spacing ratio, Igarashi
[38] carried out an experimental investigation to elucidate the basic characteristics of the
flow around four inline cylinders at a range of spacing ratios at Re = 8.72×103 to 3.92×104.
A limited range of spacing ratios up to L/D = 2.65 was used. Igarashi [38] concluded that
gradual increase in the spacing ratio causes the reattachment of the shear layer to occur
on the surface of the second cylinder only. Further downstream, the shear layer becomes
unstable and rolls into vortices in the gap before the third and fourth cylinder. The time-
averaged drag coefficient on the third and fourth cylinder was nearly unchanged over the
investigated range of spacing ratio and was similar to that of the third cylinder in the case
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Figure 2.25: (a) Drag coefficient and (b) flow patterns around four inline cylinders, Igarashi
[38]. (C) gap circulation, (R) shear layer reattachment, (V) vortex rolling.
of three inline cylinders as can be seen from figure 2.25. A summary of the behavior at
different spacing ratios and a visualization of the associated flow pattern can be seen in
figure 2.25.
Igarashi [38] reported little effect of the Reynolds number on the Strouhal number at
large spacing ratios. On the other hand, hysteresis occurred over a range of Reynolds number
for small spacing ratios. For bluff body shedding patterns at very narrow spacing ratios, a
stable value of St around 0.2 was observed. However, increasing spacing ratios caused a
sudden then a gradual decrease of Reynolds number, as seen in figure 2.26.
Following a novel approach to identify flow patterns for the case of five inline cylinders,
Hetz et al. [39] used cardboard strips to block different aspects of flow and investigate
changes in the associated Strouhal number in the velocity spectra. Hetz et al. [39] associated
differences in Strouhal numbers to the distance between free shear layers for each flow
pattern. Vortices shed from gaps between cylinders have higher separation distance, thus a
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Figure 2.26: Strouhal number dependency on Reynolds number for our inline cylinders,
Igarashi [38]
higher effective diameter, than those shed in the wake.
The evenly-spaced inline cylinders are not the only possible configuration with flow
applications, and other arrangements have been investigated over the recent years. Igarashi
[40] investigated the fluid velocity, force coefficients, and Strouhal number around three
cylinders of different diameters, with a variable incidence angle at Re = 1.5×104 to 5.1×104,
with applications to aerospace engineering. Igarashi [40] only examined one configuration at
a certain spacing and diameter distribution at different angles of incidence. Results showed
that the three cylinders act as a simple bluff body at high incidence angles. On the other
hand, the flow at low incidence angles creates complex flow patterns due to difference in
diameters.
Liu [41] investigated the effect of turbulence, equal or different diameters, and surface
roughness on the flow forces on inline arrangements of cylinders at Re= 2.7×104 to 8.6×104.
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Liu [41] noted a significant effect of turbulence levels on the critical spacing at which flow
patterns change. With an objective to minimize the sum of the drag forces on the cylinders,
Liu [41] suggested that increasing the number of cylinders in an inline row can decrease the
ratio of the total force on the row to the sum of the forces on the cylinders when isolated.
This ratio behaves in a complex way at low spacing ratios, then increases gradually towards
unity at spacing ratios higher than 5.0.
Alam and Zhou [15] investigated the flow around 2 tandem cylinders of different diam-
eters, with the downstream cylinder smaller in diameter than the upstream cylinder. Two
distinct frequencies were detected in the velocity spectra behind the downstream cylinder.
One of the two frequency was related to shedding downstream of the two cylinders, while
the other is related to the shear layer rolling into vortices in the gap between the two cylin-
ders. The two frequencies were detected also for case of two tandem cylinders of the same
diameter, with bistable behaviour similar to that described in earlier studies [e.g 12, 13, 26].
Numerical techniques have been increasingly used to investigate flows around simple and
complex configurations of cylinders, although mostly at low Reynolds numbers. Vasel-Be-
Hagh et al. [42] simulated the flow past three inline cylinders at Reynolds number between
20 and 300 at a spacing ratio of 2.00. Over this range of Reynolds number, the Strouhal
number increased from 0.155 to 0.160. Investigating more configurations, Harichandan and
Roy [43] observed different wake patterns, including in-phase and anti-phase synchronized
wake patterns, deflected wake patterns and steady wake patterns at Re = 100 and Re = 200,
around the configurations of two and three inline and side-by-side cylinders. For three
inline cylinders at Re = 200, no distinct frequency of vortex shedding was detected for small
spacing ratio, while a strong dynamic lift force was observed at L/D = 5.
Cylinders of square cross-section is an important configuration that has been under
investigation for its applications to wind forcing on buildings and obstacles. Bao et al. [44]
numerically investigated the flow around six inline cylinders of square cross-section at a
Reynolds number of 100. Results show that the first and second cylinders behave similar
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to two tandem cylinders in terms of aerodynamic forces. On the other hand, the other four
cylinders experience dynamic forces only at large spacing ratios. Bao et al. [44] also noted
that there are two mechanisms that can trigger a jump in dynamic lift force on cylinders,
one related to the impingement of the shear layer on the downstream cylinder, and the
other is the establishment of jet flow through the gap between cylinders. Sewatkar et al.
[45] experimentally and numerically investigated the flow around square cross sections
at Re = 320. Results showed that the dynamic lift and drag forces are maximum on the
second-to-last cylinder for rows of inline cylinders consisting of four to two square cylinders.
2.4 Flow-sound interactions around circular cylinders
Flow fields have been known to physicists as a source for noise for a long time. Reports
of tones generated by flow over bluff bodies date back to 1650, when Athanasius Kirsher
observed the Aeolian tones [46]. Aeolian tones, named after Aeolus the Greek ruler of
the winds, were associated to wind passing by strings. Lord Rayleigh [47] observed that,
interestingly, the wires generating aeolian tones vibrate normal, rather than parallel, to
the wind direction, which led him to identify vortex shedding as a source of the tone. The
study of aerodynamic generation and absorption of sound started to gain interest with the
accelerated growth of air travel and space technology. In this section, the development of
methods to model sound generation and interactions in flow fields is reviewed.
2.4.1 Theory of aerodynamic sound
Lighthill [48] formulated the equation of motion of the flow in his theory of aerodynamic
sound to estimate the sound radiated from fluid flow. The theory predicted quadruple sound
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where the density ρ fluctuates according to the second-order spatial gradient of the turbulent
stress tensor in the right hand term. The theory is an exact formulation of the equations at
the far field, away from any boundaries, which makes it useful in its full form only to predict
a narrow range of simple applications.
Soon after, Curle [49] extended the formulation to include the effect of solid boundaries,
showing that these boundaries can represent mass and momentum source terms and increase
the efficiency of the flow kinetic energy conversion into acoustic energy. Curle [49] predicted
that in the presence of solid boundaries such as bluff bodies, sound sources at low Mach
numbers are dipole sources fluctuating at a frequency equal to that of the dynamic force on









Howe [50] noted that the complexity of solving the Lighthill equation stems from the fact
that the formulation is an integral form of Navier-Stockes equation, where the source term
accounts for the generation of sound in addition to self-modulation due to acoustic non-
linearity, convection by the flow, refraction due to sound speed variations, and attenuation
caused by thermal and viscous actions. With adequate assumptions, Howe [50] showed that




−∇2pa = c0ρ0∇. ( ~ω× ~u) (2.4)
Howe [51] deduced the instantaneous acoustic energy production by a vorticity field inter-
acting with a sound field, according to equation 2.5:
P = −ρ
∫
~ω. (~u× ~v) dV (2.5)
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where P is the instantaneous power generated by a volume dV, at which flow is of vorticity
~ω, velocity ~u, creating a sound particle velocity ~v. These analytical derivations form an
acoustic analogy of sound generation by fluid flow, where sound fields are directly related
to integrals of surface and volume source terms. The rich details about the acoustic analogy
model and its use in analytical and experimental aeroacoustics are well documented in the
reviews of Ffowcs Williams [52–54].
2.4.2 Sound generation by vortex shedding
The prediction of the theory of aeroacoustic sound [48, 49, 51] is in close agreement with
the measurements of Gerrard [55] of the sound produced by vortex shedding in the wake of
a circular cylinder. The formulation of Curle [49] was able to explain the reason why sound
generated by the Kármán vortex street has half the frequency of the dynamic drag force and
the same frequency as the dynamic lift force [56]. The experimental results showed that the
dynamic lift force on the cylinder has the same frequency as the sound, and the magnitude
of the dynamic force can be directly related to the sound intensity.
Computational aeroacoustics (CAA) has been a growing field for decades, where the
near and/or far sound field are calculated by numerical simulation of the flow and acoustic
fields. Two different approaches are mainly used. In the first approach, a computational
fluid dynamic (CFD) simulation is carried out to calculate the near flow fluid structures, and
then an acoustic analogy is used to calculate the source terms, which leads to calculations
of the acoustic far field. This approach was used by Cox et al. [57] to study the tonal sound
generated by vortex shedding in a wide range of Reynolds number, computing mean drag,
Strouhal number. Results by Cox et al. [57] for two-dimensional simulations showed that
despite finding Reynolds number trend similar to experiment, the simulation incorrectly
predicted many of the flow quantities. Two-dimensional simulations overpredicted both
noise amplitude and frequency unless an appropriate correlation length is used, which
requires experimental input. On the other hand, sound amplitudes and frequency agree
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Figure 2.27: Directivity pattern in the far field created by vortex shedding downstream of
a circular cylinder (a) overall sound pressure level; (b) fundamental frequency; (c) first
harmonic, Cox et al. [57]
much better with experiment when three-dimensional flow computations are used. The
directivity pattern calculated by Cox et al. [57] is shown in figure 2.27.
Another approach used to numerically study flow-sound interactions implements the
direct numerical simulation schemes (DNS) to accurately resolve the fluid and acoustic
variables for the entire field. For example, Inoue and Hatakeyama [58] calculated the
direct solution of the two-dimensional unsteady compressible Navier-Stokes equations to
study sound generation by a cylinder in a uniform flow. Results show that Curle’s solution
accurately describes not only the generation mechanism of the sound but also the propagation
process if we take the Doppler effect into consideration.
2.4.3 Effect of externally applied sound
The coupled phenomena that arise in flows with significant acoustic field show that not
only is the flow generating or absorbing sound, but that sound also has a significant effect
on the flow field. Armstrong et al. [59] explored the effects of applying perturbations of
a single frequency to a flow over bluff bodies. Results showed that when the frequency of
vortex shedding is close to the applied frequency, a lock-in occurred between the applied
frequency and the frequency of vortex shedding over a range of velocities. Moreover, the
lock-in occurred over a wider range of velocities when the applied perturbations were of a
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higher amplitude. Interestingly, the correlation length over the span of cylinders increased
during lock-in, indicating that the applied perturbations organized the flow structure.
Karniadakis and Triantafyllou [60] characterized the state of lock-in in wakes of circular
cylinders when flow perturbations are dominant in the wake, showing that a minimum
level of perturbation is necessary to cause lock-in, with a wider lock-in range of velocities at
higher amplitudes. Results showed that lock-in boundaries are not symmetric around the
non-locked vortex shedding frequency, but rather easier to achieve through perturbations of
frequencies lower than the vortex shedding frequencies.
Blevins [61] studied the effect of sound on the vortex shedding from a single cylinder.
Using two speakers, Blevins [61] applied a standing wave on a flow over a single cylinder,
with an acoustic particle velocity of up to 3.67% of the mean flow velocity, with an acoustic
pressure of up to 148 dB. Results showed that shifts of up to 8% of the vortex shedding
frequency were possible using applied sound of acoustic pressure around 300 Pa. Results
also showed that the highest influence on vortex shedding can be achieved when the cylinder
is located at an antinode of particle velocity, which suggests that it is not sound pressure but
rather the acoustic particle velocity is the parameter that affects vortex shedding.
2.5 Flow-excited acoustic resonance
As discussed in sections 2.4.2 and 2.4.3, it is evident that flow fields containing significant
levels of vorticity or associated with high pressure fluctuations on solid boundaries can
generate sound. On the other hand, sound fields strengthen vortex shedding, supplying
energy to the flow field. When periodic excitation mechanisms are available in a confined
external flow, the phenomena of frequency lock-in can be observed. It is intuitive to ex-
pect that pressure perturbations resulting from an oscillating flow pattern can engage in
a feedback mechanism with the acoustic field at frequencies of resonance [62]. This can
result in acoustic resonance, which indeed has been reported for applications that involve
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flows in confined systems, including tubes in industrial heat exchangers [62–67], nuclear
reactor heat exchangers [68], annular cascades of blades [69], flow over cavities [70–72],
corrugated pipes [73], control valves [74], piping systems [75], and other applications.
2.5.1 Aeroacoustic response of arrangements of cylinders in rectangu-
lar ducts
The feedback cycle responsible for acoustic resonance starts when the vortex shedding
frequency of the bluff-body fv approaches the frequency of an acoustic mode fa of the
surrounding system. The resulting acoustic perturbations enhance vortex shedding. At
coincidence of the frequencies fv and fa, acoustic energy gets stored in the resonant mode,
driving strong dynamic pressure oscillations. This results in resonance taking the form of a
tone with high sound pressure level which lasts over a range of flow velocities. When the
vortex shedding frequency is shifted away from the acoustic mode frequency at higher flow
velocities, lock-in ends and resonance ceases to exist [63]. The characteristics of the lock-in
region and resonance strength depend heavily on the used arrangement of cylinders.
In an infinitely long acoustic domain of rectangular cross section, the acoustic modes
that are most susceptible to excitation by the vortex shedding and can engage in a feedback
cycle leading to resonance are those with the antinodal acoustic particle velocity planes
oriented as streamwise-spanwise planes at the middle of the duct. For these modes, the
acoustic pressure is maximum on the two boundaries of the acoustic domain, where the
velocity of the particles is zero due to the existence of a wall [76, 77]. The frequency of the





where co is the sound speed.
The aeroacoustic response of a single cylinder over a range of flow velocities is shown in
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Figure 2.28: Acoustic response of a single cylinder over a range of flow velocities, [78]






According to the theory of aerodynamic sound, Curle [49] estimates that dipole sound
sources, responsible for sound generation caused by existence of cylinder in cross-flow,
generates fluid perturbations in the order of;
ρ −ρ0 ∼ ρ0U3 f (c0, x , Re) (2.8)
L I T E R AT U R E RE V I E W 47
where U∞ is the free stream flow velocity, c0 is the sound speed, x is the length scale, and
Re is the Reynolds number. Blake [79] formulated an expression for the far-field pressure
radiated by vortex shedding in the wake of a cylinder at a low Mach number. The acoustic
pressure at any polar coordinate point (R, θ , andφ) can be calculated at the vortex shedding
frequency fν as:


























where c′l and c
′
d are the dynamic lift and dynamic drag coefficients. Equation 2.9 suggests
that the root mean square of the sound pressure radiated by vortex shedding is proportional
toρU3/c0. Therefore, it is useful to compare the root mean square values of acoustic pressure
Prms in form of a normalized pressure P





As flow velocity increases, the frequency of vortex shedding increases according to
equation 2.1. When the frequency of vortex shedding is close to an acoustic mode frequency,
a lock-in may occur. During lock-in, the frequency of shedding then remains fixed at the
acoustic mode frequency while the flow velocity increases and a significant increase in the
acoustic pressure is observed. Blevins and Bressler [63] reported that acoustic resonance is
only observed during the lock-in at the flow speed that causes coincidence of vortex shedding
and acoustic mode frequencies. He showed that the pressure amplitude, shown in Fig 2.29,
depends on the inlet kinetic energy, Mach number, duct height, and cylinder diameter.
Arafa and Mohany [80] studied the effect of changing the axis location of a single cylinder
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Figure 2.29: Dynamic pressure resulting from flow over a single cylinder in a duct, Blevins
and Bressler [63]
in the vertical direction on the flow-excited acoustic resonance. Results showed that dynamic
pressure at resonance is maximum when a single cylinder is located at the acoustic particle
velocity antinode of the excited acoustic mode, indicating that the acoustic particle velocity
is an important parameter in the feedback cycle.
For the case of two tandem cylinders in cross-flow, Mohany and Ziada [81] reported
a significantly different aeroacoustic response. Resonant conditions prevailed over two
different ranges of flow velocities. At both ranges, shown in figure 2.30, a frequency lock-in
occurs. The resonance that occurs at higher flow velocities exhibit characteristics similar
to those of the resonance caused by vortex shedding from a single cylinder in cross-flow in
terms of its Strouhal number and excitation mechanism. Therefore, this region of resonance
is referred to as the coincidence resonance. The resonance region that occurs at lower flow
velocities is refereed to as the pre-coincidence resonance and has different characteristics.
This earlier range of resonance is excited by periodic instabilities of the separated flow in
the gap between the two cylinders rather than periodic phenomena of the wake [81].
The occurrence of pre-coincidence depends on the cylinder diameter, which affects the
flow pattern around the tubes because cylinder diameter influenced the gap width between
the two cylinder, thus preventing the occurrence of the coincidence resonance for cylinders
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Figure 2.30: Acoustic response showing coincidence and pre-coincidence resonance regions
caused by two tandem cylinders at L/D = 2.5, Mohany and Ziada [81]
smaller than a critical diameter. Mohany and Ziada [81] concluded that the pre-coincidence
resonance may pose a threat that is over-looked when tests are done on cylinders of small
diameters, as it results in resonance at lower flow velocities than predicted for the frequency
coincidence.
Mohany and Ziada [82] performed numerical simulations to investigate the flow-excited
acoustic resonance in the cases of a single cylinder and two tandem cylinders with a spacing
ratio of L/D = 2.5. They calculated the acoustic field through a numerical simulation. The
perturbations of the acoustic particle velocity were then forced as boundary conditions on
the flow field to simulate their modulating effect on the vortex shedding. They numerically
calculated the acoustic power field caused by the interactions of vorticity and the acoustic
cross-mode standing wave using equations 2.4 and 2.5. The instantaneous acoustic power
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Figure 2.31: Contours of instantaneous acoustic power at the maximum acoustic particle
velocity for a single cylinder, Mohany and Ziada [82].
field for one cylinder is shown in figure 2.31, which shows that the power is dependent on
the pattern of the vortex street downstream of the cylinder.
By averaging the acoustic power field around the cylinders in the coincidence range,
Mohany and Ziada [82] obtained the net acoustic power field shown in figure 2.32. The
figure shows the three cases of a single cylinder, two tandem cylinders at coincidence, and
two tandem cylinders at pre-coincidence resonance. The contour maps show that positive
net acoustic power occurs downstream of the cylinder for the coincidence resonance for a
single cylinder and two tandem cylinders. Accumulated acoustic power produced by this
field is positive indicating that net acoustic power is radiated from the flow. On the other
hand, for the case of pre-coincidence resonance for two tandem cylinders, the source of
positive average acoustic power is located in the gap between the two cylinders [82].
Hanson et al. [83] experimentally investigated the self-excited aeroacoustic response
of two side-by-side cylinders in cross-flow. Several spacing ratios were tested in order to
investigate the effect of the length of the gap between the two cylinders on the acoustic
resonance mechanism. Hanson et al. [83] reported that bistable flow regimes in the absence
of resonance are encountered in the intermediate spacing ratio range at T/D = 1.25 to 1.75,
where T is the center-to-center distance between the cylinders. At this range, two distinct
vortex-shedding frequencies associated with the wide and narrow wakes of the cylinders
at the off-resonance conditions are observed. Interestingly, acoustic resonance occurs at a
Strouhal number between those observed before the onset of resonance. They observed
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Figure 2.32: Contours of average acoustic power at the maximum acoustic particle velocity
for (A) a single cylinder, (B) two tandem cylinders at coincidence, and (C) two tandem
cylinders at pre-coincidence resonance, Mohany and Ziada [82].
that the acoustic resonance synchronizes vortex shedding in the two wakes and thereby
eliminates the bistable flow phenomenon. For larger spacing ratios, vortex shedding occurs
at a single Strouhal number at which the acoustic resonance is excited.
Mohany et al. [84] numerically and experimentally investigated the case of self-excited
acoustic resonance of two side-by-side cylinders in a duct with cross-flow at a spacing ratio
of T/D = 2.5. The numerical investigation is performed at a Reynolds number of 3×104 to
simulate the unsteady flow field. Results are then coupled with a finite element simulation
of the resonant sound field. The experimental investigation is performed using phase-locked
Particle Image Velocimetry (PIV) at conditions of flow-excited acoustic resonance. They
L I T E R AT U R E RE V I E W 52
reported that flow-excited acoustic resonance drives a strong oscillatory flow pattern in the
cylinder wakes with highly organized in-phase vortex shedding in synchronization with the
acoustic field.
Figure 2.33: Sound pressure level from flow-excited acoustic resonance for a tube bundle
arranged in a square pattern for different tube spacing ratios, Blevins and Bressler [63].
Blevins and Bressler [63] tested several tube bundles of different patterns and found that
the maximum sound level is dependent on the flow Mach number, dynamic head, pressure
drop across the tubes, and ratio of tube diameter to spanwise length. Blevins and Bressler
[63] also reported that the sound pressure level and the range of flow velocities over which
lock-in occurs depended significantly on the configuration of the tube bundle. Figure 2.33
shows the sound pressure level of parallel square tube bundles with different tube spacing
ratios. Decreasing the spacing ratio from 4.0 to 2.0 increased the maximum sound pressure
level and the range of velocities over which lock-in is observed, while the tightest spacing
ratio of 1.5 suppressed the resonance completely. Increasing the number of successive rows
of tubes caused an increase in the sound pressure level and triggered acoustic resonance at
lower flow velocities. Blevins and Bressler [63] calculated the maximum expected acoustic
pressure Prms as:
Prms = 12.5M∆Pdrop (2.12)
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where ∆Pdrop is the pressure drop across the tube bundle. Moreover, Ziada et al. [85]
reported that Reynolds number at the condition of frequency coincidence plays an important
role in determining the strength of the acoustic resonance. This suggests that the acoustic
energy is dependent on the fluctuating flow energy that is available to modulate the shedding
frequency and increase the lock-in region. [85] showed that the predictions of equation 2.12
must be obtained after proper scaling to account for geometric and flow speed variations.
Nishida and Hamakawa [86] used a wake oscillator model to estimate the limit amplitude
of acoustic resonance resulting from an inline tube bundle. The randomness of vortex
shedding is explicitly modeled by a probability density function of the phase of the oscillator.
Although the calculated coherence between dynamic lift forces on two cylinders at resonance
was in good agreement with the measured value, the model does not predict the acoustic
pressure of the resonance. Meskell and Finnegan [87] used particle image velocimetry
coupled with acoustic modal analysis using finite element analysis to study the flow-excited
acoustic resonance in an inline tube bank. Results showed that the acoustic sources are
located behind the first cylinder of each streamwise row due to the spatial compactness of
the vortices. Moreover, a strong acoustic sink is present close to the source so that the net
contribution of the first row to the acoustic resonance is small. Sources behind subsequent
cylinders are weaker but the sink strength is decreased dramatically. The analysis of Meskell
and Finnegan [87] proves that the partly coupled experimental approach can give a general
idea about the energy exchange mechanism. However, no quantitative data can be inferred
because sound is externally applied onto the flow field, and results may not be applicable in
the case of self-excitation of resonance, which alters the flow and acoustic fields.
2.6 Acoustic resonance damping criteria
Flow-excited acoustic resonance can cause extreme sound pressure levels in cases when a
feed-back loop exchanges the power between the flow perturbations and the acoustic field. To
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avoid the occurrence of flow-excited acoustic resonance in industrial equipment, coincidence
conditions for excitation of acoustic resonance are checked. First, the acoustic natural
frequency of the surrounding system is determined, then the flow excitation frequency
is estimated. The two frequencies are compared. If they are within 20% of each other,
acoustic resonance might develop. However, in 30% to 40% of the cases where a resonance
is expected, acoustic resonance does not take place [63]. The occurrence of the acoustic
resonance is not expected if the energy supplied to the acoustic field is not enough to
overcome the acoustic damping of the system. Several criteria that have been suggested to
estimate the damping of the system are discussed below.
Grotz and Arnold [88] presented a simple method to determine if an acoustic mode is
susceptible to excitation by the flow around an inline tube array. They suggested that the




≤ 62 to 80 (2.13)
where Γ is a damping factor. The equation implies the observations that for small spacing
ratios, the first acoustic mode can be suppressed while higher modes can be excited. This
criterion however does not take any flow parameters into consideration. Fitzpatrick [89]
suggested that the lack of flow parameters would cause resonance to occur at lower values of
the damping factor Γ than these used in the experiments of Grotz and Arnold [88]. Blevins
and Bressler [65] noted that the criterion tends to falsely predict resonance in closely-packed
arrays.











The verification of the validity of this criterion showed that the resonance may not occur
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for values of the critical damping factorΨ up to 2000 in industrial conditions. Fitzpatrick [89]
pointed out that this formula does not allow geometric or gas properties scaling. The value
of Reynolds number in the criterion causes significant difference in the value of critical Ψ
when the tube diameter changes. Moreover, the critical value ofψ in a boiler heat exchanger
where gas properties are different, is expected to be much lower.
Fitzpatrick [89] modified the two former formula to account for geometric scaling into
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(2.16)
This criterion is developed for inline arrays. Ziada et al. [85] noted that the upper boundary,
which represents low frequency modes, is not satisfactory reliable due to lack of data.
Blevins and Bressler [65] presented maps of the resonance occurrence in the transverse-
longitudinal plane for both inline and staggered tube bundles by plotting data obtained from
several studies based on the streamwise and transverse spacing ratios. Other parameters
including cylinder diameter and gas properties are not taken into account. Ziada et al. [66]
noted that the charts only give a general qualitative description of the fact that closely-packed
cylinder arrays are not susceptible to excitation. However, experimental evidence shows
significant deviation from the limits specified for resonance in the charts [66, 91]. Further-
more, the charts do not take the resonance frequency or flow velocity into consideration,
which are directly related to the energy available to excite the resonance.
Ziada et al. [85] formulated a resonance parameter taking into consideration the acous-
tical Re, based upon the sound speed c, and the critical flow Reynolds number Re based on
the critical velocity that coincides with a transverse mode. For inline arrays, a parameter Gi
is defined as:








The data used to find the critical values of the parameters are measured within a small range
of tube diameters and flow properties.
Eisinger et al. [92] established a set of steps to separate the resonant from non-resonant
cases, starting with the determination of the input energy parameter M∆p for the heat
exchanger where ∆p is the pressure drop across the cylinder configuration. For typical heat





After that, acoustic resonance occurs if the input energy parameter at the nth mode
satisfies equations 2.19 and 2.20;






It is recommended to calculate this at the coincidence flow velocities for the first four
modes[93], noting that the formula is related to Chen criterion, which is based upon empir-
ical correlations related to a specific set of data.
2.7 Summary and research needs
Flow over inline arrangements of cylinders is an important problem that still needs extensive
efforts to explore and understand its aspects. Knowledge in available literature are limited
to a narrow range of configurations and Reynolds numbers. As a result, there are rare
exploratory attempts to investigate the potential and characteristics of acoustic resonance
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excitation by flow around such investigations. Recent revelations that acoustic resonance can
be excited by shear layers that form around inline arrangements of cylinders creates an urging
need to explore the extent and characteristics of flow excited acoustic resonance in inline
arrangements of cylinders that may create such conditions. Pre-coincidence resonance have
been confirmed to occur in arrangements of two cylinders at flow velocities lower than these
necessary for the coincidence between the vortex shedding frequency and the frequency of
the acoustic transverse mode. The resulting acoustic resonance occurs at low flow velocities
and results in high sound pressure level and can cause excessive vibration and damage.
This potentially hazardous excitation of pre-coincidence resonance is largely unexplored for
arrangements of inline cylinders. Moreover, the excitation of acoustic resonance by the flow
around unevenly spaced inline cylinders has not been investigated. In such configurations,
there are no available information to identify the possible excitation Strouhal numbers, or
to predict if a certain cylinder arrangement is susceptible to the pre-coincidence resonance.
A better understanding of flow-excited acoustic resonance, leading to safer designs and
quiet operation of industrial components can be reached through a comprehension of the
acoustic resonance excited by flow around inline arrangements of cylinders if the following
investigations are performed:
• The characterization of the aeroacoustic response of inline arrangements of cylinders
to identify the Strouhal numbers at which acoustic resonance is triggered. The acoustic
pressure of any range of excitation can point towards possible triggering mechanism.
The effect of the number of cylinders in an inline arrangement on the aeroacoustic
response would help bridge the gap of information from the case of two tandem
cylinders to the case of a full scale inline tube bundle.
• The dynamic lift force coefficient is directly related to the energy exchange mechanism
as it can quantify the contribution of a dipole sound source at the surface of the cylin-
ders to the acoustic field. Measurements of dynamic force enable the identification
of location and strength of the sound sources, and clarify the effect of acoustic reso-
L I T E R AT U R E RE V I E W 58
nance on their strength to study the efficiency of the feedback mechanism. Therefore,
measurements of dynamic lift coefficients on arrangements of inline cylinders are
needed for this configuration with and without the excitation of acoustic resonance.
If measurements of dynamic lift coefficients on all cylinders are simultaneous, the
phasors of the lift force can reveal important details about the relative contribution of
each cylinder to the resonant acoustic field.
• Arrangements of inline cylinders with uneven spacing ratios occur in many applications
and has potential use to suppress the occurrence of flow-excited acoustic resonance.
There is a lack of investigations regarding the characteristics and Strouhal number
of flows around such configurations. The excitation of acoustic resonance by the
flow around unevenly spaced inline cylinders need to be investigated to identify the
characteristics and conditions for it to occur. The Strouhal numbers and the acoustic
pressure should be made available for reference to help avoid excitation of acoustic
modes of flow ducts and channels.
Chapter 3
Experimental Methodology
To achieve the objectives of this work, measurements of flow and acoustic quantities are
carried out in an open-loop wind tunnel. Flow excited acoustic resonance can be inves-
tigated in laboratory experiments under certain conditions that account for the trade off
between different simultaneous measurements. To achieve measurements at resonance with
satisfactory accuracy, the test setup must be capable of driving flow at velocities high enough
to overcome acoustic damping and radiation losses. On the other hand, the flow should
not create artificial turbulence levels that induce transitions at lower Reynolds numbers
altering the flow fields. Moreover, the machinery driving the flow should be mechanically
isolated to prevent any interference with the measurements or influence of structural vi-
bration. Measurements of the fluctuating lift force need careful design of experiments to
avoid excitation of structural resonance modes of the setup, and isolate vibration of the
wind tunnel. Generally, experiments should be isolated from the effects of surrounding
environment, as small changes in temperature or density of air can cause significant errors.
This chapter presents a detailed description of the facility as well as the methodology used
to measure different quantities. After that, the procedure followed to carry out experiments
is detailed. Finally, an estimation of the experimental uncertainty in the result is provided.
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Figure 3.1: Main components of the open-loop wind tunnel
Experiments are carried out in an open-loop wind tunnel connected to a centrifugal air
blower. The air blower is driven by a motor controlled by a variable frequency drive. The
different sections of the wind tunnel are shown in figure 3.1. The air flows to the wind
tunnel through a bell-mouth of elliptical profile to gradually straighten the air flow into the
body of the test section without causing a large drop in pressure.
The bell-mouth delivers the straight air flow to the test section where different configura-
tions of cylinders can be installed. A schematic drawing of the middle streamwise symmetry
plane of the test section can be seen in figure 3.2. The walls of the test section are made of
rigid plywood of 19 mm thickness. The cross section of the test section is rectangular with
a width B = 127 mm and a height H = 254 mm. With the cylinders attached horizontally
from side to side in the middle of the height of the test section, the excited acoustic mode is
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Figure 3.2: A schematic drawing of the middle streamwise symmetry plane of the test section
with a configuration of five inline cylinders attached.
the transverse mode with acoustic pressure anti-nodal surfaces on the top and bottom walls
of the test section. This configuration allows for excitation of the acoustic modes with an
anti-nodal surface of acoustic velocity at the middle of the test section. The dimensions of
the rectangular test section were selected to allow for excitation of pre-coincidence acoustic
resonance at a flow velocity in the middle of the blower range. Cylinders of diameters
between 12.7 mm to 25.4 mm are tested, causing area blockage of up to 10%. No significant
change in pressure drop or flow velocities were caused by the blockage of the tested cylinders.
Different arrangements of cylinders are attached through a pair of interchangeable side win-
dows with different attachment points that accommodate different cylinder configurations.
The aspect ratio of the cylinders are in the range of 5 to 10, higher than the correlation
length, which ensures that the flow is three dimensional away from resonance to resemble
flow conditions in practical applications.
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In all tested cases, measurements and analysis were carried out for the first acoustic
transverse mode of the test section. The higher excitable mode had a frequency nearly
three times higher, which would require much higher flow velocities. Moreover, design
considerations need to account for the lowest flow velocity and frequency at which acoustic
resonance is achievable to satisfy safety requirements.
A diffuser section is attached to the end of the test section to convey the air flow to
the blower. The diffuser gradually increases in cross sectional area with an angle of less
than 14◦ to avoid flow separation at the walls to achieve a considerable recovery of the
flow pressure while maintaining the maximum achievable flow velocity at the test section.
The diffuser is then connected to the air blower using a flexible duct connection to isolate
vibration between the blower and the wind tunnel. A 75 HP electric motor drives the
centrifugal blower at a controllable rotational speed. Under the test conditions, the maximum
achievable air velocity is around 150 m/s, equivalent to a Mach number of 0.43, although
most experimental runs are done at Mach numbers below 0.35 to avoid compressibility
effects. The motor and the blower are rigidly fixed to the ground, with vibration absorbers
to minimize transmission of vibration to the ground of the lab. Wind tunnel sections are
supported by firm adjustable supports with rubber vibration absorbers to isolate vibration
from the surrounding equipment.
3.2 Measurements of aeroacoustic response
To characterize aeroacoustic response of different configurations, measurements of acoustic
pressure and flow velocity are performed. The measurements in this work are carried out
at steady flow velocities. The flow velocity inside the test section is measured using a Pitot
tube installed at the middle point of the test section. The Pitot tube is used to calibrate
the flow velocity by calculating the different flow velocity at the different motor rotational
speeds. Calibration shows that flow velocity is linearly proportional to the motor rotational
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frequencies for flow velocities higher than 10 m/s. Deviations from the linear behaviour at
low rotational speeds are due to the unsteadiness and pressure fluctuations caused by the fan
rotation at lower speeds. Therefore, measurements are all performed at flow velocities of 25
m/s and higher. When aeroacoustic signals are recorded, the Pitot tube is removed from the
test section so that it does not excite any additional acoustic modes or create artificial flow
structures that may interfere with the measured quantities. Measurements of flow profiles
in the test section showed that the turbulence intensity does not exceed 1%.
Acoustic pressure is measured using pressure microphones (PCB model 377A12), with
a diaphragm diameter of 6.35 mm and a nominal sensitivity of 25 mV/kPa. A microphone
signal is produced by a compatible pre-amplifier (PCB model 426B03). The signal of the
microphone and pre-amplifier is then processed into a voltage output by an ICP signal
conditioner (PCB model 482C15). The sensitivity of the microphone is calibrated using a
piston phone (GRAS model 42AB).
To characterize the acoustic transverse modes excited by different configurations, the
pressure microphone is flush-mounted at the top wall of the test section. To prevent any
vibration, the microphone is firmly fixed using a teflon O-ring inside a metal fitting. The
microphone is positioned at the middle of the test section length, which is located above
the middle of the spanwise and the streamwise dimensions of each arrangement. The
location is selected as it is nominally the location of the highest acoustic pressure magnitude.
Although the selected measurement location can be slightly off the exact location of the
pressure antinode [94, 95] , measurements using several microphones spaced by 1 inch in
the streamwise directions showed that the acoustic pressure signals along this section of the
top wall do not differ significantly, and are exactly in phase when a resonant standing wave
exists.
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3.3 Measurement of fluctuating lift force
Measurements of fluctuating lift force on multiple inline cylinders are performed simulta-
neously with the acoustic pressure measurements at resonant and non-resonant conditions.
Up to five individual force sensors (PCB model 208C01) with nominal sensitivity 112 mV
/N are used to measure the fluctuating force on the cylinders. Each sensor has a measure-
ment range of ± 44.5 N, with a resolution of 45 µN. The sensor does not need additional
external preloading as the factory installed external mounting hardware places the sensor
in a preloaded state. The high stiffness of the sensor (1.05×109 N/m) sensor is designed to
measure forces of frequencies up to 36 kHz. The small size of the sensor (15.88 mm side to
side) allows for the measurements of the fluctuating lift force on inline cylinders of spacing
ratios within the flow proximity interference zone.
The test section used for fluctuating lift force measurements is shown in figure 3.3. The
force sensors are installed on a specially designed mounting assembly on which the cylinders
are supported. The cylinders cross the test section side windows through a gap of 1 mm.
An oiled rubber O-ring is attached to the surface of each cylinder on the outer face of the
side window to prevent any flow disruption in the test section without affecting the force
measurements. The force sensors are firmly installed using ANSI 10-32 screws that fit in
threaded holes in the bottom surface of the sensor and the top of the mounting assembly.
Another ANSI 10-32 thread is attached into the threaded hole on the upper side of the sensor
to allow for cylinder installation.
The diameter and the spacing ratio are kept constant for the selected set of measurements,
satisfying a trade off in the accuracy of measurements. Cylinders of smaller diameters or
aspect ratios will resonate at lower flow velocities, which on one side reduces vibration
and uncertainty in velocity measurements. On the other hand, lower flow velocity results
in smaller fluctuating forces, increasing the uncertainty in force measurements. Moreover,
cylinders of smaller diameters would have a lower resonance frequency for the structural
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(a)
(b)
Figure 3.3: (a) An isometric view and (b) a partial section view of the test section used for
measurement of fluctuating lift force for the configuration of five inline cylinders.























Figure 3.4: (a) Experimental measurement of the phase response of the force sensors and
(b) phase difference between used sensors and a reference sensor
modes of vibration, which could interfere with the force measurements. The cylinder di-
ameter D = 25.4 mm and the spacing ratio L/D = 2.00 are selected. This combination
results in pre-coincidence resonance at flow velocities around 70 m/s and a fluctuating force
magnitude not exceeding 10 N, which reduces uncertainty in the resulting quantities. Each
cylinder is firmly attached to the 10-32 thread using two nylon saddle washers. A different
pair of side windows with the right number of holes is used for each experiment. The sensors
are mounted on a stiff steel bar on which the mounting threaded holes are drilled. The bar
fits in a key channel on a steel levelling plate with four fine threads on the four sides to
adjust the vertical location of the inline cylinders.
To characterize the phase response of measurement sensors, pluck tests were used to
calculate the phase difference between the available sensors with respect to a reference
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PC NO PART NAME QTY
1 BAR 2
2 FORCE SENSOR BODY 4
3 THREADED ROD 8
4 WIND TUNNEL SECTION 1















6 SENSOR_LEVELLING BASE 2
Figure 3.5: The support system for the fluctuating lift force measurements
sensor. Figure 3.4 shows the used setup that consists of two identical solid steel bars. The
sensors were installed on one bar at the same distance of 25.4 mm from the two edges. A
repetitive pluck force in the vertical direction was applied at the middle of the upper bar. The
phase difference between the sensors was close to 0◦ at the measurement frequency range,
although some of the sensors deviated by up to 30◦ at around 400 Hz. The phase response is
taken into account while analyzing the data. At the frequency of acoustic resonance around
670 Hz, all sensors had negligible phase difference.
The whole assembly is installed on rigid supports that are firmly mounted on threads
into the ground of the lab as shown in figure 3.5. The force assembly is mounted on its own
support isolated from the supports on which the test section is installed. The support consists
of square steel beams with a side length of 50.8 mm and a thickness of 3.175 mm, providing
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high stiffness to avoid any vibration interference with the force measurements. The support
was manufactured by welding the parts together to provide high stiffness. Measurements
of dynamic lift force carried out on the two sides of the cylinders showed that each of the
two sides is affected by exactly half of the total dynamic lift fore. The sensors attached on
the two sides also measure negligible phase difference, especially at resonant conditions,
as will be shown in chapter 5. In experiments with found and five inline cylinders, sensors
are attached at one side of the cylinders and the other side is attached on a rigid threaded
support to keep side to side support symmetry.





















Figure 3.6: A schematic of the particle image velocimetry setup
In order to identify the flow characteristics in the gaps between three unevenly-spaced
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cylinders, particle image velocimetry measurements are carried out. Three different cases
are investigated, with different center-to-center spacing between the cylinders at the same
Reynolds number using the system setup shown in figure 3.6. A nanoPIV YAG laser of
wavelength 532 nm with two laser heads capable of sending two laser beams at a power
of 200 mJ and at a maximum frequency of 15 Hz is used. An optical lens is attached to
convert the beams to a sheet of a width of 80 mm by a height of 80 mm. The investigated
arrangements are installed in a test section with two acrylic sides that enable the laser sheet
to illuminate the streamwise-transverse plan at the center of the cylinder span. A 12 bit
Dantec speedsense M320 camera with a resolution of 1920 × 1200 pixels is installed in
front of the plan to capture a field of view of 80 by 30 mm. The spatial resolution of the
averaged measurements is 2 mm. The flow is seeded with propylene glycol fogging particles
of an average diameter of around 10 µm. To obtain the velocity field, the system is manually
triggered to take double frames at a frame rate of 15 Hz and an exposure time of 720 µs,
and the two laser pulses are separated by 12 µs.
Figure 3.7 shows a sample frame captured by the camera at its raw state and after
preprocessing. The frame is rotated and the background light field is filtered from all images
following the procedure described by Honkanen and Nobach [96]. The density of the
seeding particles enabled accurate quantification of the velocity vectors in the measurements
field of view. The obtained double frames are iteratively cross-correlated using the Dantec
DynamicStudio software to obtain the velocity vector in the field of view. The fields were
processed using a multistep deformation scheme starting with an adaptive interrogation
area of size between 32 × 32 to 64 × 64 pixels, with a grid size of 16 × 16 pixels. The
average flow field was obtained by resolving and averaging 250 instantaneous flow fields.
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(a) Raw frame
(b) Preprocessed frame
Figure 3.7: (a) A sample of the raw frames in the case of three uneven cylinders and (b) the
same frame preprocessed for analysis.
3.5 Experimental procedure for aeroacoustic measurements
The test section is prepared for each run by installing the arrangement of cylinders with
the corresponding pair of side windows. The side windows are then inspected carefully to
ensure proper insulation of the flow to prevent any leakage that may interact with the flow
inside the test section. For each experimental run, all measurements are taken at a steady
flow velocity. The temperature and humidity of air are controlled in the lab to be around
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25◦ and 50% and are recorded using indoors climate sensors for each experiment. Before
the start of each experiment, the motor is run for enough time for the room to reach steady
temperature state. Starting each run, the flow velocity is increased to the requested value
gradually by increasing the rotational speed of the motor. When the flow velocity reaches
the required value and stays steady for one minute, measurements take place for another
minute. The motor rotational speed is increased in steps of around 60 rpm, increasing the
flow velocity around 2.5 m/s each step. At resonant conditions, the flow velocity is increased
in smaller steps to capture details of the aeroacoustic response.
The acoustic pressure and force signals are recorded using a data acquisition system
(NI model BNC-2110) at a sampling rate of 20,000 samples per second which is sufficiently
higher than the Nyquist sampling rate, as the maximum expected frequency does not exceed
2 kHz. The length of the recorded signal is 60 seconds, which is then blocked into 1 second
samples. The ensemble average of the 60 samples is calculated with a Hanning window
at 50% overlap to obtain the spectral characteristics of the signal. The resulting spectra
have a resolution of 1 Hz, and the frequency at the peak acoustic pressure is manually
detected. The acoustic pressure reported throughout this work is the root mean square of
acoustic pressure signal after passing the signal on a high pass eighth degree filter that filters
frequency content below 100 Hz. Likewise, a similar analysis procedure is used to calculate
the fluctuating force coefficients. The phase between different samples is calculated as
the angle of the complex transfer function between the two signals, calculated from the
power spectral density (PSD) estimates of the two signals using Welch’s overlapped segment
averaging estimator.
3.6 Uncertainty analysis
To give an estimation of the uncertainty in the reported values in this work, the upper limits
of the uncertainty in the main reported quantities are estimated using the principles of Kline
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and McClintock [97]. A measured value X i can be expressed as:
X i = X i ±δX i (3.1)
where X i is the averaged reported value and δX i is the maximum expected error with a preset
confidence interval. Assuming a Gaussian distribution of real error, the value of uncertainty
can be calculated as 1.96 the standard deviation of the set of averaged measurements for
95% confidence. The uncertainty δR in the value of a reported variable R calculated using a




































An estimation of the maximum relative uncertainty of reported variables in this work is
summarized in table 3.6
Table 3.1: Maximum relative uncertainty of reported variables.
Variable Uncertainty Variable Uncertainty
U 2.29% Ur 2.34%
P 0.93% P∗ 6.93%
D 0.05% c′l 4.69%
L 0.25% St 2.34%
f 0.50% Re 2.29%
Chapter 4
Flow-Excited Acoustic Resonance of an
Inline Row of Cylinders
4.1 Introduction
The occurrence of acoustic resonance in tube bundles due to fluid flow is a major concern
in many engineering applications. The flow-excited acoustic resonance results in acoustic
pressures that may exceed the dynamic head of the mean flow, causing unsafe levels of noise
and damage to equipment. The characteristics of acoustic resonance excited by flow over
configurations of few cylinders reveals important characteristics that can help explain many
aspects of the phenomena in full-scale tube bundles in heat exchangers.
In this chapter, the excitation of acoustic resonance by fluid flow over a single inline row of
cylinders is experimentally investigated to help understand the effect of the parameters of the
configuration on the susceptibility to acoustic resonance excitation in different conditions.
The contribution of the investigated parameters are then used to identify a parametric
criterion to check if the occurrence of acoustic resonance is expected to occur in a particular
inline configuration of cylinders.
73
F L O W-EX C I T E D AC O U S T I C RE S O N A N C E O F A N IN L I N E RO W O F CY L I N D E R S 74
Single cylinder
x / D










































Figure 4.1: Calculated normalized acoustic pressure of the first acoustic transverse mode of
the test section with multiple inline cylinders installed.
4.2 Characteristics of the excited acoustic mode
The acoustic modes of the test section with the cylinders installed were obtained by solving
the homogeneous Helmholtz equation. For a two-dimensional space with uniform wall
impedance, acoustic pressure at any position P(x , y, z) in the domain V can be described as
−∇2p− k2p = 0 (4.1)
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The solution of this homogeneous Helmholtz equation was obtained by separation of
variables. The eigenvalues of this problem can be calculated using a two-dimensional finite
element analysis using the method described by Naka et al. [98]. A sensitivity analysis is
performed on the simulation domain to ensure that the inlet to exit distance is sufficient to
avoid any end effects. Figure 4.1 shows the two-dimensional normalized acoustic pressure
field of the first transverse mode for the test section when a different number of cylinders
are attached. The existence of cylinders in the middle of the test section concentrates the
acoustic pressure node. This effect becomes more pronounced for test sections with more
cylinders.
The effect of the configuration on the characteristics of the acoustic mode of the duct can
also be seen in figure 4.2. The amplitude and the direction of the acoustic particle velocity
for the first acoustic cross-mode are significantly changed in the vicinity of the cylinders. In
the gap between cylinders where interactions between the flow field and acoustic field take
place and result in energy exchange, the amplitude of the acoustic particle velocity vectors is
increased. The tilted direction of the acoustic particle velocity vector with respect to the flow
velocity vector is a determining factor of the acoustic energy produced by the flow field, as
can be seen in equation 2.5. When the arrangement consists of a higher number of cylinders,
the effect is more pronounced.
4.3 Acoustic response of a single cylinder
To benchmark the measurements of aeroacoustic response, the aeroacoustic response of a
single cylinder is shown in figure 4.4. Results are shown for a single cylinder with a diameter
of D = 25.4 mm and an aspect ratio B/D = 3.00, where B is the spanwise cylinder length
installed in a flow duct of a height H = 254 mm. The acoustic pressure is in good agreement
with the results of Mohany and Ziada [81] for a single cylinder with the same diameter
and aspect ratio. The acoustic pressure reaches its maximum value of nearly 2500 Pa at
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Figure 4.2: Amplitude of the acoustic particle velocity of the first acoustic transverse mode
with multiple inline cylinders installed
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Figure 4.3: Amplitude of the acoustic particle velocity of the first acoustic transverse mode



















Mohany and Ziada (2006)
Figure 4.4: Aeroacoustic response of a single cylinder of a diameter D = 25.4 mm and an
aspect ratio B = 3.00D.
a reduced velocity Ur around 5.00 showing that the cylinder shed vortices at a Strouhal
number of St = 0.20.










D = 25.4 mm
D = 19.05 mm











Figure 4.5: Aeroacoustic response of a single cylinder with three different cylinder diameters.
To provide a basis of comparison for the following discussion, figure 4.5 shows the
aeroacoustic response of single cylinders with three different diameters. The Strouhal
number observed for the three cylinders agreed well with the value of St = 0.20 for an
isolated single cylinder in this range of Reynolds number. In absence of effects of proximity
to other cylinders, frequency lock-in was observed only at the coincidence between the vortex
shedding frequency fν and the acoustic mode frequency fa. The peak of acoustic resonance
was observed at Ur around 5.0 and the resonant conditions extend between Ur = 4.5 and
6.0. Normalized pressure P∗ for the three cases was close to 1.0. Difference in normalized
acoustic pressure for the three cases is insignificant and can be due to minor effects that
can not be practically controlled, including effects of the diameter on acoustic radiation
and the effect of different flow velocity at resonance on the acoustic mode frequency as will
be discussed in section 6.5.2. The Strouhal number, sound pressure level, Mach number,
and acoustic mode frequency at the peak of the acoustic resonance for the case of a single
cylinder are shown in table 4.1.
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Table 4.1: Characteristics of acoustic resonance for a single cylinder
# D St M SPL fa
(mm) (dB) (Hz)
1 24.40 0.197 0.260 157 657
2 19.05 0.196 0.192 149 669
3 12.70 0.208 0.128 137 672
4.4 Aeroacoustic response of multiple inline cylinders
In this section, a parametric study of acoustic resonance excitation by flow over an inline
row of cylinders is presented. The effect of cylinder diameter, number of cylinders in the
configuration, and the cylinder spanwise length on the aeroacoustic response is investigated.
In each experiment, a single inline array of cylinders of three different diameters, D = 12.7
mm, 19.05 mm, and 25.4 mm is subjected to air flow at a range of velocities sufficient to
excite both pre-coincidence and coincidence resonance. Arrangements of two, three, four,
and five cylinders at a center-to-center spacing ratio of 2.00, within the flow proximity
interference region are used. The spanwise length of the tested cylinders was increased from
B = 76.2 mm to 177.8 mm. In each run, the acoustic pressure signal is analyzed to identify
the spectral characteristics and the occurrence of resonant conditions.
Figure 4.6 shows the aeroacoustic response of two tandem cylinders in cross flow when
flow velocity is increased. The two cylinders are of the same diameter of D = 25.4 mm
and the centers of the cylinders are spaced at L/D = 2.00. The arrangement is susceptible
to excitation of the pre-coincidence resonance. Increasing the upstream flow velocity up
to 60 m/s results in an increase in the dominant frequency in the pressure spectra. Up to
this flow velocity, the dominant frequency is at a Strouhal number St = 0.15 related to the
vortex shedding in the wake of the downstream cylinder. The dominant frequency jumps
suddenly to the value of the acoustic cross mode frequency fa = 653 Hz, and remains in
lock-in up to a flow velocity of U∞ = 80 m/s. During lock-in, the acoustic pressure increases
significantly to reach Pa = 2.1 kPa at the peak of the resonance. This occurs at a Strouhal

































Figure 4.6: Aeroacoustic response of two tandem cylinders with D = 25.4 mm and
L/D = 2.00.
number St = 0.22, which is higher than the value of the vortex shedding of a single cylinder.
This points towards the instabilities of the shear layer in the gap between the two cylinders.
The Strouhal number based on the gap length, equivalent to the center to center spacing
between cylinders, is StL = 0.45, typical of the first Rossiter mode excited by shear layer
instabilities of open cavities.
Figure 4.7 shows the aeroacoustic response for the case of three evenly-spaced inline
cylinders with D = 25.4 mm and L/D = 2.00 as the flow velocity is increased up to 100 m/s.
As the flow velocity increases, the dominant acoustic pressure frequency increases linearly

































Figure 4.7: Aeroacoustic response of three evenly-spaced inline cylinders with D = 25.4 mm
and L/D = 2.00.
with a Strouhal number St = 0.13, typical of the wake vortex shedding of evenly-spaced
cylinders at a spacing of L/D = 2.00 in this range of Reynolds number. At U∞ = 60 m/s
the pre-coincidence resonance lock-in is observed with an abrupt increase of the acoustic
pressure frequency to the lock-in frequency. At the peak of the pre-coincidence resonance the
acoustic pressure reaches Pa = 2.2 kPa, slightly higher than the case of two inline cylinders.
The peak of the acoustic pressure occurs at U∞ = 75 m/s, nearly the same flow velocity in
the case of two inline cylinders which has the same gap length, confirming that the shear
layer instabilities of the gap are responsible for the excitation of pre-coincidence resonance.


































Figure 4.8: Aeroacoustic response of four evenly-spaced inline cylinders with D = 25.4 mm
and L/D = 2.00.
The acoustic response in the case of four inline cylinders is shown in figure 4.8. The
progress of acoustic pressure and acoustic mode frequency are fundamentally similar to
the previous cases of two and three cylinders albeit with a slightly lower Strouhal number
St = 0.12. Although one more cylinder is added to the configuration, creating an additional
gap, there is a little impact on the resulting acoustic pressure during the pre-coincidence
which reached Pa = 2.38 kPa. However, the lock-in region is limited to velocities from
U∞ = 68 m/s to 78 m/s. The pre-coincidence resonance still occurs at a Strouhal number
StL = 0.45 which confirms that shear layer instabilities over the gap between cylinders are
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Figure 4.9: Aeroacoustic response of five evenly-spaced inline cylinders with D = 25.4 mm
and L/D = 2.00.
The aeroacoustic response in the case of five inline cylinders follows the same trend
as the cases with fewer cylinders with the same cylinder diameter and spacing ratio. The
Strouhal number calculated from the gradual increase in the acoustic pressure peak frequency
is St = 0.12, slightly smaller than all the other cases. The frequency lock-in condition is
observed over a wider range of velocity from U∞ = 63 m/s to 88 m/s.
Figure 4.10a shows the effect of the number of cylinders on the sound pressure level
of the pre-coincidence resonance for the tested cases with three different cylinder lengths.
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D = 12.7 mm D = 19.1 mm D = 25.4 mm


























































































B = 178 mm
Figure 4.10: Effect of number of cylinders on the sound pressure level of the pre-coincidence
and coincidence resonance sound pressure level for three different cylinder spanwise lengths.
For the case of a single cylinder the pre-coincidence resonance did not materialize. The pre-
coincidence resonance was also not excited for cylinders of the smallest cylinder diameter,
D = 12.7 mm. The increase in diameter caused a significant increase in the sound pressure
level of the pre-coincidence resonance for all cases. On the other hand, the sound pressure
level of the coincidence resonance was not significantly increased when the diameter was
increased from D = 19.05 mm to D 25.4 mm. Increasing the number of cylinders caused
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a diminishing increase in the sound pressure level of the coincidence resonance, and a
insignificant increase in the sound pressure level of the pre-coincidence resonance. The
increase in the cylinder length did not cause significant differences in the sound pressure
























































(d) 5 inline cylinders
Figure 4.11: Effect of diameter on the normalized pressure for an inline arrangement of
cylinders of a spanwise length B = 178 mm.
Figure 4.11 shows the normalized pressure response at a range of reduced flow velocities
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Ur for an inline row of cylinders of a spanwise length B = 178 mm. In the range of pre-
coincidence, the increase of diameter had a significant effect on the pressure of the resulting
resonance. For the smallest diameter, D = 12.7 mm, no pre-coincidence resonance was
observed. Increasing the diameter to D = 19.1 mm, pre-coincidence resonance occurred
and the normalized pressure reached a maximum of P∗ = 2.1 for two inline cylinders. A
further increase in the diameter caused a further increase in the normalized pressure to
significantly higher values, reaching P∗ = 4.9 for two inline cylinders. Pre-coincidence
resonance occurred at the same reduced velocity for all diameters, while the coincidence
resonance was affected by both the diameter and the number of cylinders. It is important to
note that the frequency of the pre-coincidence resonance is not significantly different than
the no-flow value for all conditions, which causes the precoincidence resonance to occur
at the same range of reduced velocities, as can be seen in figure 4.11. On the other hand,
the coincidence resonance occurs at lower frequency for a higher flow velocity at resonance,
which causes this resonance to occur over various ranges of reduced velocities depending
on the free-stream velocity at frequency coincidence.
The effect of diameter on the reduced velocity Ur at resonance is caused by the fact that
coincidence resonance occurs at lower acoustic mode frequency for higher flow velocity, an
effect that is discussed in detail in section 6.5.2. Cylinder diameter also plays an important
role that controls the mechanism of energy exchange between the acoustic and flow fields.
First, cylinders of larger diameters shed vortices at lower frequencies, which results in coin-
cidence between the acoustic and flow vortices periodic frequencies at higher flow velocities
at which more energy is available in the flow to be converted into acoustic power. Moreover,
cylinders of higher diameters cause a significant change to the acoustic mode, enhancing the
efficiency of energy exchange in the vicinity of the inline cylinder row. Increasing cylinder
diameter also decreases the effective speed of sound, and therefore results in the entrapment
of the resonant acoustic mode around the cylinder configuration [76], decreasing acoustic
losses and increasing the acoustic mode sound pressure level.
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Figure 4.12: Spectral characteristics of the aeroacoustic response of an inline row of cylinders
with a spanwise length of B = 76 mm.
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Figure 4.12 shows the spectral characteristics of the aeroacoustic response of an inline
row of cylinders. The figure shows the sound pressure level at frequencies up to fν = 1000
Hz at different flow velocities up to U∞ = 140 m/s. In all cases, higher sound pressure levels
prevailed at all frequencies at higher velocities due to the broadband noise generated by flow
turbulence. As velocity was increased, a peak in the sound pressure level occurred at linearly
increasing frequency. The frequency of the acoustic pressure peaks increased at a higher
rate for smaller diameters, resulting in nearly equal Strouhal numbers at the same number
of cylinders. The Strouhal number decreased as the number of cylinders was increased.
The Strouhal number of this increasing series of peaks was identified in all cases and was
responsible for the excitation of coincidence resonance. For the smallest diameter of D = 12.7
mm, this was the only peak of linearly increasing frequency that could be identified, and
was associated to the resonance range excited. For the higher diameter D = 19.05 mm, the
coincidence resonance was excited at lower flow velocities than necessary for coincidence,
with no apparent series of peaks that increase in frequency. This suggests that periodic
excitation source for the pre-coincidence resonance is not able to generate significant sound
before the excitation of flow-excited acoustic resonance. However, increasing the number
of cylinders and the cylinder diameter resulted in visible series of peaks with increasing
frequency, which coincides with the acoustic mode frequency at the pre-coincidence range.
This secondary series of peaks can be characterized through another value of Strouhal number
St2, which is higher than the value of St. No trace of such secondary peaks of lower frequency
is available in the case of two tandem cylinders. Moreover, the acoustic mode frequency
decreased as the flow velocity increased as can be seen in figure 4.12. The decrease was not
linear, therefore it had a significant effect on the velocity at which coincidence resonance
occurred, but had not much effect on pre-coincidence resonance, which explains the trend
in figure 4.11.
Although cylinder spanwise length have been shown to affect acoustic resonance of
a single cylinder [95], the aspect ratio of configurations of a higher number of cylinders
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Figure 4.13: Spectral characteristics of the aeroacoustic response of five inline cylinders of
different spanwise lengths.
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showed insignificant influence of the aspect ratio on the aeroacoustic response. This can be
attributed to the different flow behaviour due to the proximity of cylinders to each other in
multiple cylinder configurations. Figure 4.13 shows the spectra of the sound pressure level
for an inline row cylinders at three different cylinder spanwise lengths, B = 76 mm, 127
mm, and 178 mm. The spanwise length of the cylinder had an insignificant effect on the
aerouacoustic response and the features in the specra of the acoustic pressure. This is due to
the organizing effect that the acoustic resonance has on the flow field. Moreover, the increase
in the width of the cylinder configuration is accompanied by an increase in the width of the
flow channel, which results in a corresponding change in the acoustic characteristics of the
duct. An increase in the total resonant volume of the air is parallel to the increase in the
span of the cylinders at which the periodic excitation take place.
Figure 4.14 shows the sound pressure level at various flow velocities for a row of two
tandem cylinders of L/D = 2, a row of five tandem cylinders with L/D = 2, and the case of an
inline tube bundle with spacing ratio L/D = 2.1 in the horizontal direction, and T/D = 2.5
in the vertical direction from the study of Ziada and Oengören [99]. The three cases showed
a relatively good agreement in the resonance region at Ur between 4 and 6. This reasonable
agreement suggests that the characteristics of the pre-coincidence lock-in region are more
relevant to the resonance of inline tube bundles than the coincidence region.
4.5 Strouhal number of an inline row of cylinders
In order to create a safe design of a configuration of cylinders in cross-flow that is not
susceptible to excitation of hazardous acoustic resonance, calculations need to be performed
at the condition of frequency coincidence. Accurate values of flow Strouhal numbers are
needed to correctly evaluate the flow velocity at which resonant conditions are expected to
arise. In this section, the Strouhal numbers identified in the flow around an arrangement of
inline cylinders in presented.














Inline tube bundle (Ziada and Oengoeren 1992)
Two tandem cylinders
Five inline cylinders
Figure 4.14: Sound pressure level in the cases of two and five cylinders of D = 25.4 mm
and L/D = 2.0, compared with that of an inline tube bundle with L/D = 2.1 [99].
Figure 4.15 shows a comparison of the Strouhal numbers for the two hydrodynamic
periodic oscillations at different Reynolds numbers for different diameters. The Strouhal
numbers reported by Hetz et al. [39] are reported for L/D = 1.8, and for a very large cylinder
diameter of 76.2 mm, but they are still in acceptable agreement with Strouhal numbers for
the experimental results at a spacing ratio of L/D = 2.0. Figure 4.15 shows that the effect
of Reynolds number is not significant within the measurement range, which is confirmed
with observations reported in chapters 5 and 6.
Figure 4.16 shows the Strouhal numbers characterizing periodic oscillations detected in
the pressure spectra of the configurations of a single cylinder and a number of inline cylinders
N up to five. Data for cylinders of three different diameters are shown at a center-to-center
spacing ratio L/D = 2.00. The detected series of peaks that increased in frequency as flow
velocity is increased were categorized according to the range of self-excited resonance they
were able to trigger. As seen in figure 4.16, vortex shedding in the wake, characterized by
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Figure 4.15: Effect of Reynolds number on strouhal number of peaks of hydrodynamic
periodic oscillations responsible of excitation of pre-coincidence and coincidence resonance
regions in the spectra of pressure for five inline cylinders of different diameters compared
with results of Hetz et al. [39].
St can be identified in all configurations, while the value of St2 can only be calculated for
configurations in which pre-coincidence resonance was excited. The Strouhal number values
does not depend on the diameter of the cylinders, confirming that these peaks originate
at the same periodic flow phenomena. The increase in the number of cylinders in the
inline row results in a decrease in the value of St, which approaches 0.11 as the number
of cylinders reaches N = 5. The effect of number of cylinders on the value of St2 was in
significant. The Strouhal number of this periodic oscillations is close to the reported value of
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Figure 4.16: Strouhal number of coincidence and pre-coincidence resonance at different
diameter and cylinder spanwise length.
0.24 by Hetz et al. [39], which is equivalent to StL = 0.48, typical of the first cavity Rossiter
mode. This shows that the shear layer forming on an upstream cylinder and impinging
on the downstream cylinder can get unstable and excite acoustic resonance, resulting in
pre-coincidence resonance. The effect of center-to-center spacing on this phenomena is
discussed in chapter 6.
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4.6 Design criteria to avoid flow-excited acoustic resonance
in inline cylinder arrays
In this section, the experimental investigation discussed in this chapter is used to select a
parametric criterion that can be used to test for susceptibility of an inline tube bundle to
acoustic resonance excitation. The acoustic resonance observed in inline tube bundles is
similar to the pre-coincidence resonance that occurs in the case of inline cylinders, therefore,
the proposed criterion is based on the parameters that affect the occurrence of the pre-
coincidence resonance as discussed in section 4.4. Experimental data collected in the current
study and other previous investigations in literature are used to identify parametric conditions
at which pre-coincdeince resonance is not expected to occur. The same data are checked
against the criteria proposed in literature to identify any shortcomings of their usage in
configurations of inline cylinders. Experimental runs included in the verification of the
efficiency of the acoustic resonance damping parameters in the following discussion includes
data of acoustic resonance in inline tube arrangements, including tandem cylinders from the
study by Mohany [94], inline arrays of cylinders carried out by Fitzpatrick and Donaldson
[91] and Blevins and Bressler [63] in similar wind tunnels within the same range of Reynolds
number. All experiments included were carried out using ambient air over inline cylinders
within proximity flow interference.
The acoustic resonance damping parameter Γ proposed by [88] is plotted against the
spacing ratio X l = L/D in figure 4.17. The parameter Γ , defined in equation 2.13, accounts
only for the spacing and the diameter of the tubes and the excited mode number. Flow
parameters at conditions when acoustic resonance is expected are not included. The param-
eter does not account for the number of rows. Although non resonant cases tend to occur
at higher values of the parameter Γ , the boundary of 62 to 80 set by Grotz and Arnold to
differentiate resonant from non-resonant cases is not useful. Resonant cases can be seen to
occur at values of Γ up to 70, and non-resonant cases occur at values of Γ as low as 30, and












Figure 4.17: Acoustic resonance damping parameter proposed by Grotz and Arnold [88]
for inline tube arrays. Ref A: Mohany [94], Ref B: Fitzpatrick and Donaldson [91]. Ref C:
Blevins and Bressler [63].
most of the studied cases lie within this range. Designing a tube bundle according to the
values of Γ higher than 80 would require closely-spaced cylinders that may cause blockage
to the flow.
Figure 4.18 shows the acoustic resonance damping parameter proposed by Chen and
Young [90] for inline tube bundles, defined in equation 2.14. As the parameter depends on
the spacing ratios, Reynolds number, and Strouhal number only, it was able to differentiate
resonant cases from non-resonant cases for tandem cylinders by Mohany [94]. For this
group of points, the number of cylinders does not vary significantly, and the resonance is
expected to occur at close values of flow-velocities, which causes the Reynolds number to
be a defining factor. However, the proposed parameter fails to define a boundary between
the remaining data. Moreover, the boundary value for the parameter of suggested by Chen
and Young is 600, and was later modified to 2000. Both values are not particularly useful
in determine a boundary line between resonant and non-resonant cases. The parameter Ψ
does not account for the effect of the number of cylinders, and therefore fails to consider
















Figure 4.18: Acoustic resonance damping parameter proposed by Chen and Young [90]
for inline tube arrays. Ref A: Mohany [94], Ref B: Fitzpatrick and Donaldson [91]. Ref C:
Blevins and Bressler [63].
the higher susceptibility for two tandem cylinders to pre-coincidence resonance. Also, the
parameter requires a transverse spacing ratio as an input, which if used as the distance from
the pressure antinodal wall to the centerline of the cylinders, would mean lower values for
the parameter, rendering it not useful for widely separated inline row of cylinders
The acoustic resonance damping parameter ∆∗ proposed by Fitzpatrick and Donaldson
[91] is shown in figure 4.19. The parameter ∆∗ was the first to account for flow conditions
through the values of Re and St. According to its definition in equations 2.15 and 2.16,
resonance should be expected at both high and low values of ∆∗, and the boundary should
clearly depend on the cylinder center-to-center spacing ratio X l . Figure 4.19 shows that
the boundary between resonant and non-resonant cases is defined for the cases of Mohany
[94]. However, the parameter ∆∗ fails to capture the higher boundary for the selected cases,
and the non-resonant cases of Blevins and Bressler [63]. To achieve a safe design using the
parameter∆∗ as an estimation for the occurrence of resonance, only very tight spacing ratios
would be viable. Moreover, the uncertainty of the boundary increases at lower spacing ratio,

















Figure 4.19: Acoustic resonance damping parameter proposed by Fitzpatrick and Donaldson
[91] for inline tube arrays. Ref A: Mohany [94], Ref B: Fitzpatrick and Donaldson [91]. Ref
C: Blevins and Bressler [63].
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Figure 4.20: Acoustic resonance damping parameter proposed by Ziada et al. [85] for inline
tube arrays. Ref A: Mohany [94], Ref B: Fitzpatrick and Donaldson [91]. Ref C: Blevins and
Bressler [63].
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Figure 4.20 shows the parameter Gi proposed by Ziada et al. [85] to differentiate resonant
from non-resonant inline tube arrays. The parameter is intended to isolate the resonant
from non resonant cases at a boundary, where non resonant cases occur at lower values of
the parameter Gi. However, it can be seen that due to the large transverse spacing in some
cases, non resonant cases occur at both extremes of Gi, which would make it unreliable
to determine the region at which tube bundle designs are deemed safe. The check for
susceptibility to resonance using the parameter Gi on inline tube bundles with relatively


















Figure 4.21: Acoustic resonance damping parameter proposed as a result of the parametric
investigation for inline tube arrays. Ref A: Mohany [94], Ref B: Fitzpatrick and Donaldson
[91]. Ref C: Blevins and Bressler [63].
Figure 4.21 shows the data points of inline configurations of tubes plotted using two
parameters that were selected according to the observations in this chapter. on the vertical
axis, the parameter D(X l − 1)/H includes the effect of the arrangement geometry, including
the diameter D and the center-to-center spacing ratio X l , normalized by the test section
height H, which is proportional to the wavelength of the first acoustic cross-mode. The
horizontal axis includes the effect of the number of cylinders, the flow dynamic head, and the
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Mach number at the conditions for pre-coincidence resonance. To evaluate these parameters,
the Strouhal number of pre-coincidence resonance should be obtained according to the
geometry of the configuration. The Strouhal number can then be used to calculate the
flow velocity at which the periodic instability characterized by the Strouhal number acts
at the same frequency as the first acoustic cross-mode of the duct. The values of Mach
number, Reynolds number based on the cylinder diameter, and the dynamic head of the
flow velocity are calculated at this flow velocity. It can be seen that as the flow has higher
Mach number and Reynolds number, instabilities are more likely to excite pre-coincidence
resonance. Moreover, arrangements with higher diameters and spacing ratios relative to
the wavelength are more susceptible to excitation of acoustic resonance. As implied by
the use of
p
N , arrangements with more cylinders are more susceptible to excitation of
acoustic resonance, although the contribution of the number of cylinders to the acoustic
resonance excitation diminishes as the number of cylinders in the arrangement grows. For
safe design, the parameter D(X l − 1)/H should not exceed the lower safe boundary line at
the corresponding flow parameters. As flow has more energy available, tighter designs are
needed to ensure that flow-excited acoustic resonance does not materialize, which agrees
with the experimental observations.
4.7 Conclusion
In this chapter, the acoustic resonance excitation by flow over the arrangement of multiple
cylinders arranged inline is experimentally investigated. The aeroacoustic response of inline
arrangements consisting of cylinders is experimentally investigated in cross flow in an open-
loop wind tunnel. Rows of different numbers of cylinders ranging from two to five cylinders
attached inline with a fixed spacing ratio of L/D = 2 within proximity flow interference are
subjected to air flow velocities up to 160 m/s. Three different diameters of 12.7 mm, 19.1
mm, and 25.4 mm, and three different tube lengths in the span-wise direction B = 76.2 mm,
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127 mm and 177.8 mm are used to test the effect of the cylinder’s aspect ratio on acoustic
resonance. For the small diameter of D = 12.7 mm, the attachment of more than one cylinder
shows the same behaviour as a single cylinder except that the coincidence occurs at higher
flow velocities. On the other hand, the attachment of more than one cylinder of higher
diameter, D = 19.1 mm or 25.4 mm, at the same spacing ratio L/D = 2 causes the self-
excitation of resonance at two discrete flow velocity regions that are wider than the case of
a single cylinder. In addition, the increase in diameter significantly increases the normalized
acoustic pressure of this pre-coincidence resonance. As the number of cylinders in the row
increases, the acoustic pressure of the pre-coincidence resonance increases. Although more
cylinders in the row would mean more acoustic sources and higher sound pressure level,
the increase in acoustic pressure is not linear and diminishes with further increase in the
number of cylinders. To identify the reasons resulting in this behaviour, the energy exchange
mechanism between the acoustic and flow fields need to be investigated, which is discussed
in details in chapter 5. On the other hand, the change in the aspect ratio of the cylinder does
not show significant effect on the acoustic response of inline cylinders of the same diameter
and spacing ratio.
The spectra of pressure oscillations for different numbers of cylinders show different
characteristics. Coincidence resonance is excited by periodic flow perturbations at Strouhal
numbers that decrease with the increasing number of cylinders. The Strouhal numbers of
coincidence resonance is related to a periodic pattern where the flow oscillates downstream
of the most downstream cylinder, and the row of cylinders behaves like a bluff-body. Unlike
the case of a single cylinder where the vortex shedding at a Strouhal number of 0.2 is observed
and is responsible for the resonance at coincidence, higher Strouhal numbers of around
0.25 are responsible for the excitation of pre-coincidence resonance, and are related to
vortex shedding in the gap between successive cylinders. Increasing the number of cylinders
should result in coincidence resonance at higher flow velocity, and therefore result in much
higher sound pressure level. The Strouhal number for the pre-coincidence resonance is not
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significantly affected by the number of cylinders at a fixed spacing ratio. Unlike coincidence
resonance, pre-coincidence resonance shows more resemblance to the flow-excited acoustic
resonance observed in inline tube bundles. As the number of cylinders increases, the case
becomes more resembling of an inline tube bundle of the same spacing ratio. Results of
this study indicate that the pre-coincidence resonance detected in an inline row of tubes
may be overlooked when the cylinder diameter is small. As the pre-coincidence resonance
shows characteristics similar to those of self-excited resonance in inline tube bundle, the
effect of diameter should be included in formulas predicting the occurrence of resonance
and its acoustic pressure in tube bundles. Results obtained from bundles of tubes may result
in dangerously misleading predictions when applied to bundles of different diameters. The
criterion in figure 4.21 represents a test for susceptibility to pre-coincidence resonance and.
The criterion implies that cases with higher diameters and wider gaps are more susceptible
to pre-coincidence. Moreover, pre-coincidence resonance requires conditions of sufficient
flow dynamic head and Mach number expected at the flow velocity at which frequency
coincidence occurs. Moreover, as the number of cylinders in the arrangement increases,
pre-coincidence resonance is easier to excite. Using this criteria, designs of inline tube
bundles should be checked for susceptibility to acoustic resonance.
Chapter 5
Dynamic Lift Force on Multiple Inline
Cylinders
5.1 Introduction
Flow excited acoustic resonance occurs when a feed-back mechanism results in an increase
in the acoustic energy production by the flow at lock-in with vortex shedding. As discussed
in chapter 4, investigations of acoustic resonance excited by the flow around equi-diameter
inline cylinders at fixed spacing ratio suggest complex interactions in the gaps between
cylinders as the number of cylinders increases. Production of sound by vortex shedding
can be modelled as a dipole sound source in the direction of the dominant dynamic force,
i.e. in the lift direction [8, 58]. The amplitude and phase of the dynamic lift force are
direct indicators of the exciting energy exchange mechanism that feeds the resonance field
and sustains high acoustic pressures. At resonance, the resonant acoustic field enhances
the strength of vorticity and increases the correlation length along the span of the cylinder,
increasing the amplitude of the dynamic lift force [61]. Measurement of the amplitude and
phase of the dynamic lift force can reveal the flow-sound interactions leading to excitation
of resonance, and can be used to identify sound sources that sustain resonance in complex
102
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structures. Measurements of dynamic lift in resonance have been carried out by Mohany
and Ziada [100] for a single cylinder, and were used to study the mechanism that gives rise
to coincidence resonance for a single circular cylinder. A similar concept was implemented
to investigate the excitation of resonance by flow around two tandem cylinders by Mohany
and Ziada [101], where measurements of dynamic lift on each cylinder were carried out
separately and then referenced to the acoustic pressure. There are no reports of simultaneous
measurements of dynamic lift force on arrangements of parallel cylinders during acoustic
resonance, which are needed to asses the dynamic loading on this configuration that recur
in many applications. The phase between loading on successive cylinders before the onset
of resonance and during lock-in conditions is not discussed in available literature.
Direct simultaneous measurements of dynamic forces on cylinders in resonant flow
fields can be challenging to perform. Unlike low frequency mechanical vibration, acoustic
resonance often occurs at high frequency, which requires the measurement system to have
sufficiently high mechanical resonance frequency. Moreover, sensitive force transducers
are needed to achieve accurate measurements. In this chapter, direct measurements of the
dynamic lift coefficients are carried out for the configuration of multiple inline cylinders
before the onset of acoustic resonance, as well as during pre-coincidence resonance. Acoustic
pressure is measured simultaneously at the antinode of acoustic pressure. Results are then
interpreted to investigate energy exchange to identify the contribution of the different
individual cylinders in each configuration to sound generation during acoustic resonance.
5.2 Data analysis and measurement validation
5.2.1 Signal characteristics
Results of simultaneous measurements of acoustic pressure and dynamic lift force for two
cylinders at U∞ = 43 m/s can be seen in figure 5.1. The figure shows the spectral char-
acteristics of the recorded signals before onset of resonance. A clear peak can be seen at
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Figure 5.1: Spectral characteristics of the acoustic pressure and dynamic signals at off-
resonance conditions for two tandem cylinders with D = 25.4 mm at U∞ = 43 m/s
the vortex shedding frequency in the spectra of acoustic pressure and dynamic lift force.
A difference in amplitude can be seen between the dynamic force on both cylinders. The
spectra of pressure contains other minor peaks, including a peak at the acoustic mode fre-
quency, probably weakly induced by turbulence in the flow. One very weak peak is at the
frequency of the second harmonic, which indicates it can be related to the sound generation
by dynamic drag force. However, the amplitude of the sound generated by this peak is very
minute and can safely be neglected, as it is not able to excite resonance due to its directivity.
No trace of these secondary peaks can be observed in the dynamic lift force spectra which
indicates that the weak peaks are not related to flow interaction with the cylinder surfaces
in the lift direction. The coherence between the acoustic pressure and the lift force on the
two cylinders reaches nearly unity at the vortex shedding frequency which indicates that
the acoustic pressure and dynamic lift force originate from the same source.
Figure 5.2 shows the data recorded for the case of two tandem cylinders of a diameter
D = 25.4 mm and a center-to-center spacing ratio of L/D = 2.00. The data are shown
for the flow velocity U∞ = 35 m/s, which does not cause self-excitation of resonance, and
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Figure 5.2: (a) The time signal and (b) the frequency domain of the acoustic pressure, (c)
phase of lift force, and (d) side-to-side phase for two tandem cylinders at two different flow
velocities.
the flow velocity U∞ = 75 m/s at which the pre-coincidence resonance is self-excited. The
spectral component is obtained from averaging a signal of 60 s, into ensembles of 1 s each
to obtain a resolution of 1 Hz.
In the left column of figure 5.2, a sample of measurements at U∞ = 35 m/s is presented.
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Figure 5.2a shows the dynamic lift force FL as well as the acoustic pressure over a time of
10−3 s. At U∞ = 35 m/s, the acoustic pressure shows periodic fluctuations within ± 50
Pa. The dynamic lift force on the upstream cylinder is significantly lower, with a root mean
square value not exceeding 0.05 N. The downstream cylinder is affected by significantly
higher forces reaching ± 2.0 N. The dynamic lift force on the downstream cylinder is nearly
in phase with the acoustic pressure, while the dynamic lift coefficient on the upstream
cylinder leads both signals at the dominant frequency. In the frequency domain shown
in figure 5.2b, the dominant component for the three signals is at the same frequency, at
a Strouhal number of St = 0.15, which is typical for the wake shedding of two tandem
cylinders at a spacing of L/D = 2.00 in this range of Reynolds number. Figure 5.2c shows
the phase φ between the dynamic lift force and the acoustic pressure. The figure shows that
the lift force on the downstream cylinder had a steady phase with the acoustic field over
a wide range of frequencies at this flow velocity. In the following discussions, the value of
the phase between lift force and acoustic pressure is taken at the dominant frequency of
fluctuations determined from the spectral analysis, as in figure 5.2b. Figure 5.2d shows that
the phase between the dynamic lift force on the two sides of the downstream cylinder is
around ψ = 0 over a frequency range up to f = 750 Hz. The dynamic lift forces on the
two sides of the cylinder are nearly equal and in phase, which means there is no dynamic
moment component on the cylinder.
The plots at the right column of figure 5.2 shows a sample of measurements at the flow
velocity of U∞ = 75 m/s. In contrast with the previous case, the acoustic pressure and the
lift force are significantly higher. In this self-excited resonance conditions, high pressure
fluctuations are detected at the antinode of the acoustic cross-mode, where the instantaneous
acoustic pressure reaches nearly Pa = ± 4000 Pa. Figure 5.2b shows a very sharp tone for
the three signals at the frequency fa = 653 Hz, the acoustic cross-mode frequency. At this
frequency, figure 5.2c shows that the phase between the acoustic pressure and the dynamic
lift coefficient on each of the two cylinders at the dominant frequency is nearly the same. In
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figure 5.2d, the phase between the dynamic lift force on the two sides of the downstream
cylinder is still nearly ψ = 0, which is expected as a result of the influence of the strong
resonant acoustic field on the flow field.
5.2.2 Force decomposition analysis
The simultaneous measurements of the acoustic pressure and the dynamic lift force can be
used during resonance to investigate the energy exchange mechanism between the acoustic
and flow fields. The dynamic lift on the surface of each cylinder is the integrated effect
of the surrounding flow structures. The phase between this dynamic lift and the acoustic
pressure can give an insight into the overall energy exchange mechanism at the dominant
frequency. The dynamic lift can be decomposed into two orthogonal components that are
in-phase and out-of-phase with the acoustic pressure. The influence of the excitation of
acoustic resonance on these components can clarify the dominant pattern of energy exchange
between the acoustic and flow fields. This procedure was formulated by Sarpkaya [102]
for use in the closely-related flow-induced vibration systems, where the acoustic field is
analogous to the displacement of the cylinder. The same method of analysis was later
used by Mohany and Ziada [100] to analyze energy exchange mechanisms for a single and
two-tandem cylinders.
For an acoustic field with a dominant tone excited by flow instabilities of frequency fν,
the acoustic pressure can be written as;
P(t) = P sin (2π fν t) (5.1)
For rigid cylinders, the dynamic lift force per unit length can be assumed to be sinusoidal




c′l sin (2π fν t +φ) (5.2)
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where c′l is the dynamic lift coefficient, andφ is the angle by which the dynamic lift force leads
the acoustic pressure. The instantaneous dynamic lift coefficient is therefore a sinusoidal
function of the form:
cl(t) = c
′
l sin(2π fν t +φ) (5.3)
Using the value of the phase angle φ, the instantaneous dynamic lift coefficient can be









cos (2π fν t)
= cmh cos(ωt)− cdh sin(ωt)
(5.4)




Sarpkaya [102] noted that this component is equivalent to an added mass effect. When the
value of cmh increase, the added inertia would mean the frequency of resonant oscillations
is expected to be lower. The out-of phase component, cdh is:
cdh = − c′l sin(φ)
The component cdh is analogous to an effect of added damping. A positive value of cdh
indicates that the flow periodic instabilities are not expected to result in acoustic resonance,
while a negative value of cdh demonstrates that flow instabilities would grow and result in
strong resonant conditions.
In the following sections, the decomposed components of the dynamic lift coefficients
are presented to investigate the energy transfer for each case, and the contribution of the
different cylinders to the self excitation of a strong resonant acoustic field.
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Figure 5.3: dynamic lift force on a single cylinder over a range of Reynolds numbers.
In order to validate the measurement results from the experiments, figure 5.3 compares
the dynamic lift coefficient on a single cylinder with data in literature for the same range of
Reynolds number. Measurements are shown for a single cylinder with a diameter D = 25.4
mm and a spanwise span B = 127 mm at Re between 104 and 105. The dynamic lift coefficient
on the single cylinder increased from around 0.4 to around 0.5 over this range of Reynolds
number. The current measurements agree well with data from other investigations and the
overall increasing trend of the dynamic lift coefficient on the cylinder is also well captured.
Slightly lower values are recorded at low Reynolds numbers due to the shorter cylinder span
in the experiments in hand which amplifies the wall effects and is not expected to affect
the case of self-excitation of acoustic resonance at which the flow field is influenced by the
acoustic field.
To validate the measurements of dynamic lift performed during self-excitation of reso-
nance, figure 5.4 shows the dynamic lift coefficient for a single cylinder in a duct, compared
with the results of Mohany and Ziada [100]. The diameter of the cylinder in the current
study is D = 25.4 mm, larger than the case of Mohany and Ziada [100] who used a smaller
diameter D = 15.8 mm. The different diameters of the two compared cases in figure 5.4
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Figure 5.4: dynamic lift force on a single cylinder before and during excitation of acoustic
resonance.
cause the reduced velocity values to fall at different ranges of Reynolds number. The two
cases undergo the self-excited resonance around a reduced velocity Ur = 5.00. During
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D = 18.4 mm, L/D = 1.75
Figure 5.5: Development of the component of the dynamic lift coefficients on two tandem
cylinders out-of-phase with the acoustic field over a range of reduced velocities before and
during the pre-coincidence resonance compared with the results of Mohany and Ziada [101].
Figure 5.5 shows the values of the components of the dynamic lift coefficients out-of-
phase with the acoustic field for the two tandem cylinders. For measurements from the
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current study, the used cylinders have a diameter of D = 25.4 mm, and has a center-to-center
spacing of L/D = 2.00, within the proximity region. The compared case from the study
of Mohany and Ziada [101] have a diameter of D = 18.4 mm and the cylinder centers are
spaced at L/D = 1.75, still within the proximity region. Figure 5.5 shows good agreement
on the behaviour of the out-of-phase component of the dynamic lift cdh on the two cylinders
before, during, and after the excitation of the pre-coincidence resonance. At the peak of
resonance, the component cdh is negative on the downstream cylinder during resonance,
while slightly positive on the upstream cylinder for both cases.
5.3 Experimental design
In order to identify the differences in the excitation mechanism of multiple inline cylinders
of equal diameters, measurements are carried out for the four cases in figure 5.6. All
arrangements had the same cylinder diameter of 25.4 mm, which results in excitation of the
pre-coincidence resonance at a range of flow velocities that enables accurate measurements
of the dynamic lift force. Different colors of cylinders used in the schematic hint towards
the colors used in the following result figures for ease of interpretation.
5.4 Results and discussion
5.4.1 Dynamic lift coefficients
Figure 5.7a shows the dynamic lift coefficients, c′l on the upstream and downstream cylinders
in a row of two tandem cylinders. Cylinder 1, the upstream cylinder, is initially subjected to
low dynamic lift coefficient of around 0.05, while the dynamic lift coefficient on cylinder 2,
the downstream cylinder, is higher at a value of around 0.5, which agrees with the values
reported by Arie et al. [103] and Alam et al. [24]. At the onset of self-excited acoustic
resonance, a significant increase in the lift coefficient on both cylinders is observed. At the
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(i) Two inline cylinders
U 1 2 3 4 5
L = 2 D
D = 25.4 mm
(ii) Three inline cylinders
U 1 2 3 4 5
L = 2 D
D = 25.4 mm
(iii) Four inline cylinders
U 1 2 3 4 5
L = 2 D
D = 25.4 mm
(iv) Five inline cylinders
U 1 2 3 4 5
L = 2 D
D = 25.4 mm
Figure 5.6: The tested arrangements of evenly-spaced inline cylinders with D = 25.4 mm
and L/D = 2.00.





























Figure 5.7: Dynamic lift coefficients c′l and the phase φ between dynamic lift coefficients
and the acoustic pressure on two tandem cylinders with D = 25.4 mm and L/D = 2.00.
peak of resonance, at a reduced velocity of Ur = 4.5, the lift coefficient on cylinder 1 increases
an order of magnitude to 0.8, while the dynamic lift coefficient on cylinder 2 reaches 1.2.
When the flow velocity is further increased, the end of the lock-in state is associated with a
decrease in the dynamic lift coefficients on both cylinders. At a reduced velocity of Ur = 6.00,
the lift coefficients are slightly higher than their values before resonance, which can be due
to the significantly higher Reynolds number.
Figure 5.7b shows the phase angle φ by which the dynamic lift on each cylinder leads
the acoustic pressure at the dominant frequency for Ur between 2.0 and 6.0. Initially, the
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dynamic lift coefficient on the downstream cylinder is in phase with the acoustic pressure.
On the other hand, the phase angle between the dynamic lift coefficient on the upstream
cylinder decreases from leading the acoustic pressure by 90◦ to lagging by 270◦, which
indicates that the acoustic pressure measured is produced by the vortex street shed at the
wake of the downstream cylinder. At this flow velocities, the dynamic pressure of the vortex
shedding acts as a dipole sound source that produces a traveling wave which then propagate
to the surrounding area at the speed of sound. Outside the lock-in region, the microphone
picks up the resulting dynamic signal of acoustic pressure with a negligible delay. The phase
with the downstream cylinder therefore stays the same over this range of flow velocities. In
contrast, the smaller lift force on the upstream cylinder is determined by the flow in the gap
between the two cylinders, which depends on the Reynolds number.
During lock-in, the values of the phase angle φ jumps suddenly. Figure 5.7b shows that
the standing acoustic wave of the first acoustic cross mode has a significant influence on the
flow field, which is in turn reflected on the phase of the dynamic lift force. The dynamic lift
force on the upstream cylinder becomes in phase with the acoustic field, while the dynamic
lift force on the downstream cylinder has a positive phase angle φ with the acoustic pressure,
showing that energy transfer is likely to occur between the acoustic and flow fields.
Figure 5.8a shows the dynamic lift coefficients on the three cylinders. The dynamic lift
coefficients on the three cylinders before the onset of resonance are 0.08, 0.58, and 0.36 for
cylinders 1, 2, and 3, respectively. The lock-in region of the pre-coincidence resonance lasts
over the range of reduced velocities between Ur = 3.8 to 4.6. The excitation of resonance
causes an increase of the dynamic lift coefficients to 0.79, 1.18, 0.63 on cylinders 1, 2, and
3, respectively. After the lock-in condition ends, dynamic lift coefficients come back to their
values before resonance.
The phase φ of the dynamic lift coefficients on three inline cylinders with respect to
the acoustic pressure is shown in figure 5.8b. The value of the phase for cylinder 1 jumps
between Ur = 3.0 and 3.5, prior to resonance, indicating a change in the regime of flow































Figure 5.8: Dynamic lift coefficients c′l and the phase φ between dynamic lift coefficients
and the acoustic pressure on three inline cylinders with D = 25.4 mm and L/D = 2.00.
around cylinder 1. The dynamic lift forces on cylinders 2 and 3 do not show noticeable
phase change up to the onset of pre-coincidence resonance. The onset of resonance causes
phase angles to jump closer in-phase with the acoustic pressure. During pre-coincidence, the
dynamic lift on cylinder 3 leads the acoustic pressure. On the other hand, the dynamic lift
on cylinder 1 is at a slightly negative phase angle with the acoustic pressure, suggesting that
a significant component of the lift force on cylinder 1 is mainly sound-induced. The phase
difference between the dynamic lift forces on Cylinder 2 and 3 and the acoustic pressure
is positive, suggesting that the resonant field is driven by the flow structures interacting
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Figure 5.9: Dynamic lift coefficients c′l and the phase φ between dynamic lift coefficients
and the acoustic pressure on four inline cylinders with D = 25.4 mm and L/D = 2.00.
Figure 5.9a shows the dynamic lift coefficient on four inline cylinders over the measure-
ment range. The dynamic lift coefficient on the cylinder 1 is significantly lower than its value
on the three other cylinders. Before the onset of pre-coincidence resonance, cylinders 2, 3,
and 4 are subjected to similar values of dynamic lift coefficients at the dominant frequency.
The dynamic lift coefficients on the four cylinders diverge to different values during excita-
tion of the pre-coincidence resonance. At the peak of the acoustic resonance, cylinder 3 is
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subjected to the highest dynamic lift coefficient, which reaches c′l = 1.1. The dynamic lift
coefficient on cylinder 2 increases slightly. At higher reduced velocities at which the lock-in
condition ceases to exist, the values of the dynamic lift on the four cylinders revert back to
their previous values.
In figure 5.9b, the phase φ between dynamic lift coefficients on the four cylinders and
the acoustic pressure is shown over the same range of reduced velocities. During lock-in, the
value of φ for all cylinders come closer to 90◦, indicating that the strong acoustic oscillations































Figure 5.10: Dynamic lift coefficients c′l and the phase φ between dynamic lift coefficients
and the acoustic pressure on five inline cylinders with D = 25.4 mm and L/D = 2.00.
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Figure 5.10a shows that the dynamic lift coefficients on five inline cylinders, indicating
that the flow regimes for this case are more complex. Off resonance, cylinder 1 is subject
to a significantly low dynamic lift coefficient, which is the case for the upstream cylinder
in all other configurations. Cylinder 2 is subjected to a higher dynamic lift coefficient that
ranged between 0.3 and 0.38 for the reduced velocity range up to Ur = 4.0. The dynamic lift
coefficients on cylinders 3, 4, and 5 are higher than that on the two upstream cylinders, and
change significantly depending on the reduced velocity, which shows a strong dependence of
the flow regimes on the Reynolds number in absence of a resonant acoustic field. During pre-
coincidence acoustic resonance, the dynamic lift coefficient on the five cylinders increased
significantly and cylinders 2, 3, 4, and 5 were subjected to nearly the same dynamic lift
coefficients, with high values that peaked to 0.63 at Ur = 5.0. After the lock-in condition of
the pre-coincidence resonance ceases to exist, the values of dynamic lift coefficients went
back to their trend before resonance.
Despite the complexity of the dynamic lift coefficient amplitudes, figure 5.10b shows
a trend for the phase with the acoustic field. Similar to all previous cases, the increase in
reduced velocity resulted in that the dynamic lift coefficient on cylinder 1 gradually changed
its phase from leading to lagging the dynamic lift on all other cylinders. Dynamic lift on all
other cylinders had a steady phase with the acoustic field that retained its value before and
after the onset of pre-coincidence resonance. During lock-in, the dynamic phases jumped
as the flow field started to exchange much more energy with the acoustic field through
the feedback mechanism. As in all previous cases, lock-in condition brought dynamic lift
coefficients on all cylinders closer in-phase with the acoustic pressure during resonance.
5.4.2 Phase between dynamic lift on successive cylinders
To gain an insight of the flow structure behavior in the gaps between the cylinders over
the studied range of flow velocities, the phase angle θ between the dynamic lift on each
two successive cylinders are discussed. Figure 5.11 shows the phase shift θ between the













Cyl 1 - Cyl 2
Two Cylinders
D = 25.4 mm
L/D = 2.00
Figure 5.11: The phase between dynamic lift coefficients on the upstream and down-
stream cylinders, respectively, for the case of two tandem cylinders with D = 25.4 mm
and L/D = 2.00.
dynamic lift coefficients on the upstream and the downstream cylinders for the case of two
tandem cylinders of diameter D = 25.4 mm and a center-to-center spacing of L/D = 2.00.
Before the onset of pre-coincidence resonance, the dynamic lift on the upstream cylinder
leads that on the downstream cylinder by nearly 90◦. As the reduced velocity increases, the
phase angle decreases gradually. At Ur = 2.2, the two dynamic forces are nearly in phase.
Increasing Ur from 2.2 and until the onset of the pre-coincidence resonance at Ur = 3.8,
the angle θ becomes increasingly negative. The pre-coincidence resonance causes a sudden
jump of the phase angle as the dynamic forces on the two cylinders come nearly in-phase,
indicating a change in the regime of flow in the gap between the two cylinders induced by
the acoustic pressure.
For the case of three inline cylinders, figure 5.12 shows that the phase shift between
dynamic lift on cylinder 1 and cylinder 2 before resonance is around 80◦, while the value is
around 120◦ between dynamic lift on cylinder 2 and cylinder 3. Interestingly, the values for
θ become equal at the onset of resonance. As the phase angle θ is related to the integrated
flow structure between the two structures, this behavior indicates that the strong acoustic
pressure oscillations influence the flow in the two gaps between cylinders significantly.













Cyl 1 - Cyl 2
Cyl 2 - Cyl 3
Three Cylinders
D = 25.4 mm
L/D = 2.00
Figure 5.12: The phase between dynamic lift coefficients for the case of three evenly-spaced












Cyl 1 - Cyl 2
Cyl 2 - Cyl 3
Cyl 3 - Cyl 4
Four Cylinders
D = 25.4 mm
L/D = 2.00
Figure 5.13: The phase between dynamic lift coefficients for the case of four evenly-spaced
inline cylinders with D = 25.4 mm and L/D = 2.00.
For the case of four inline cylinders, the phase angle θ between the dynamic lift on
each two successive cylinders is shown in figure 5.13. It can clearly be seen that the flow
structures in the gaps are significantly different during pre-coincidence resonance. For the
lock-in region, dynamic lift forces on cylinders 1 and 2 are separated by θ = -70 ◦. Moreover,
cylinders 3 and 4, surrounding the most downstream gap, are subject to dynamic lift forces
separated by θ around -30◦. On the other hand, cylinders 2 and 3 are separated by a positive
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angle θ = 180◦. The difference in values of θ may be related to the different flow structures
in the different gaps in the configuration. The upstream cylinder is subject to a stagnation
flow upstream and the initial wake separation, while the successive cylinders may be subject
to different flow structures depending on the flow regimes within each gap. This shows
that although the acoustic pressure is strong enough to sustain the feed-back cycle and
keep a lock-in condition, the flow regimes within the configuration can still have different













Cyl 1 - Cyl 2
Cyl 2 - Cyl 3
Cyl 3 - Cyl 4
Cyl 4 - Cyl 5
Five Cylinders
D = 25.4 mm
L/D = 2.00
Figure 5.14: The phase between dynamic lift coefficients for the case of five evenly-spaced
inline cylinders with D = 25.4 mm and L/D = 2.00.
In figure 5.14, the phase angle θ between dynamic lift coefficients on each two successive
cylinders in an arrangements of five inline cylinders follows the behavior seen previously
for four inline cylinders. Figure 5.14 shows that the values of θ during lock-in are similar
for three of the four pairs of cylinders. The three pairs, namely cylinder 1 with cylinder 2,
cylinder2 with cylinder 3, and cylinder 4 with cylinder 5 have a value of θ around -90◦. The
phase shift between dynamic lift on cylinders 3 and 4 is positive, and increases significantly
during lock-in. This variation in the value of θ indicates that the strong acoustic oscillations
during lock-in do not completely organize the flow regime within some of the gaps, which
remains strongly dependent on the increasing value of Reynolds number.
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Cylinder 2 of 2
Figure 5.15: The dynamic lift coefficient decomposition into in-phase and out-of-phase
components for the case of two tandem cylinders with D = 25.4 mm and L/D = 2.00.
To investigate energy exchange mechanism for the arrangement of two tandem cylinders,
figure 5.15 shows the decomposed lift coefficients into two orthogonal components; cmh
in-phase with the acoustic pressure, and cdh out-of-phase with the acoustic pressure. The
development of the two components with Ur is shown for the two cylinders. For cylinder
1, the two components increase during the pre-coincidence resonance. As the out-of-phase
component cdh is analogous to a damping effect to the energy exchange between the acoustic-
flow fields, this result shows that cylinder 1 is not contributing significantly to the resonance
excitation. On the other hand, the downstream cylinder undergoes a significant decrease
in the value of cdh, signaling a condition of negative damping, which means that a feed-
back cycle is likely to grow oscillation of acoustic pressure, which in turn strengthen the
instabilities in the flow field. This feedback grows the oscillations further as seen in systems
negatively damped. The result is a self excited acoustic resonance. During pre-coincidence,
the resonance excitation is related to the dynamic lift on cylinder 2, which is the cylinder
affected by the impingement of the shear layer separating at the surface of cylinder 1. The
Strong oscillations at the impingement point is typical of flow-excited acoustic resonance in







































Cylinder 3 of 3
Figure 5.16: The dynamic lift coefficient decomposition into in-phase and out-of-phase
components for the case of three evenly-spaced inline cylinders with D = 25.4 mm and
L/D = 2.00.
To investigate the excitation mechanism of the pre-coincidence resonance for the case of
three inline cylinders, the three plots in figure 5.16 show the in-phase and the out-of-phase
components of the dynamic lift coefficient on the three cylinders. During pre-coincidence,
the in-phase component cmh increases significantly, indicating a significant increase to the
added mass effect. This added mass effect occurs at the same reduced velocity range between
Ur = 3.8 to 4.5 for the three cylinders. The out-of-phase component cdh during the same
range is different for the three cylinders. For cylinder 1, the value of cdh increases to a
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positive value, indicating a damping effect to the resonance. In contrast, cylinders 2 and 3
observe a decrease in cdh to a negative value around -0.50. This negative value shows that



















































Cylinder 4 of 4
Figure 5.17: The dynamic lift coefficient decomposition into in-phase and out-of-phase
components for the case of four evenly-spaced inline cylinders with D = 25.4 mm and
L/D = 2.00.
To investigate the contribution of the different cylinders in the arrangement of four inline
cylinders to pre-coincidence acoustic resonance, the decomposition of the components cmh
and cdh for each of the four cylinders can be seen in figure 5.17. It can be seen that the
pattern of the first three cylinders is fundamentally different from the patterns observed for
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two tandem cylinders or three inline cylinders in figures 5.15 and 5.16. Only the upstream
cylinder behaves similar to those earlier cases, with cmh and cdh both increasing during the
pre-coincidence lock-in condition. Cylinders 2 and 4 provided negative damping during lock-
in, while cylinder 3 had a negligible value of cdh at the peak of pre-coincidence resonance.
This behavior suggests complex flow structures, leading to complex interaction that leads
to sustaining the flow-excited acoustic resonance, where the flow regimes are not fully
arranged.
Likewise, force decomposition of the dynamic lift coefficients on five inline cylinders
reveal that the complexity of the flow regimes influence the contribution of each cylinder to
the excitation of the pre-coincidence resonance. During pre-coincidence, both the in-phase
and the out-of-phase components of the dynamic lift on cylinders 1 and 4, cmh and cdh are
positive. This suggests that the two cylinders are subject to flow forces that cause positive
damping to the acoustic resonance. The other three cylinders sustain significant negative
damping, indicated by the negative values of cdh during lock-in. The flow around those three
cylinders therefore provides energy to sustain the strong oscillations of the acoustic field.
5.4.4 Characteristics of dynamic lift on inline cylinders during reso-
nance
Figure 5.19 shows the phasor diagram at the peak of the acoustic resonance, at the flow
velocity of that results in the maximum acoustic pressure. For the cases of self-excited
acoustic resonance, the dynamic lift coefficients would lead or lag the acoustic pressure by
angles not exceeding ± 90◦. If the lift coefficient leads the acoustic pressure, Equation 5.4
would result in a negative value of cdh, and added damping is therefore negative.
For the arrangement of two inline cylinders, figure 5.19 shows that at the peak of reso-
nance, the lift coefficients on the upstream cylinder has a small lag angle behind the acoustic
pressure. The dynamic lift coefficient on Cylinder 2 has a significant lead angle. The dynamic

























































Cylinder 5 of 5
Figure 5.18: The dynamic lift in-phase and out-of-phase components on five evenly-spaced
inline cylinders with D = 25.4 mm and L/D = 2.00.










































D = 25.4 mm
L=D = 2.00
Figure 5.19: Phasors of the dynamic lift coefficients at the peak of the pre-coincidence acous-
tic resonance on inline cylinders taking the acoustic pressure phasor as a phase reference
for cylinder diameter D = 25.4 mm and L/D = 2.00
lift coefficients on the two cylinders are nearly out of phase with each other.
For the arrangement of three inline cylinders, dynamic lift on cylinder 1 lags the acoustic
pressure, while phasors for cylinder 2 and 3 lead the acoustic pressure. Compared with
phasors of two inline cylinders, the most upstream and downstream cylinders sustain nearly
the same phasors, while the dynamic lift on cylinder 2 lies between them. Phasors for
cylinder 1 and 3 are nearly out-of-phase with each other. This shows that at the peak of
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pre-coincidence, dynamic lift on cylinder 1 causes a positive damping to the acoustic field,
while those on cylinder 2 and 3 have favorable phasing to provide negative damping and
grow the self-excited oscillations.
For the arrangement of four inline cylinders, figure 5.19 shows phasors of the dynamic
lift coefficients at the peak of the pre-coincidence acoustic resonance. Cylinders 1 and 3 are
subject to dynamic lift that is nearly in-phase with the acoustic pressure, which demonstrates
that there is insignificant energy transfer between the two fields. This suggests that the
strong acoustic field actually creates the lift coefficient on these two cylinders. Dynamic lift
coefficients on the other two cylinders, 2 and 4, lead the acoustic pressure phasor, creating
the necessary condition for energy exchange, thus sustaining the resonance.
In the arrangement of five inline cylinders discussed here, figure 5.19 shows that dynamic
lift on cylinder 3 reaches a phase lag of 90◦ with the acoustic pressure. The dynamic lift
on cylinder 4 therefore cannot lag with a positive angle. The result is that dynamic lift
coefficient on cylinder 4 leads the dynamic lift coefficients on all other cylinders, and then
dynamic lift on cylinder 5 lags that on cylinder 4. This pattern is expected to repeat for a
higher number of inline cylinders, and may depend on the cylinder spacing to diameter ratio
and Reynolds number.
Figure 5.20 shows the phase portraits of the acoustic pressure and the dynamic lift
coefficients for the case of two inline cylinders. The shown portraits are obtained by plotting
data over 15 ms, showing 10 successive cycles. It can be seen that the portraits for cylinder 1
are significantly distorted, including a poor repeatability of the cycle shape, and a secondary
cycle. The main part of the cycle is clockwise which indicates damping of the acoustic
resonance. The secondary part which is counter clock-wise, is smaller. Shaaban and Mohany
[104] suggested that such secondary parts of different directions at the extremes of the
portraits are related to a change in the flow structure affecting the cylinder.
The portrait plotted for cylinder 2 is reasonably repeatable and less distorted. The
whole cycle is counter clockwise, which means that net energy is transferred to the acoustic


























Figure 5.20: Phase portraits of acoustic pressure and dynamic lift coefficients at the peak
of the pre-coincidence acoustic resonance on the two inline cylinders taking the acoustic
pressure phasor as a phase reference for cylinder diameter D = 25.4 mm and L/D = 2.00
field sustaining resonance. This shows that the flow field around cylinder 2 is much more
organized by the acoustic field than the flow field around cylinder 1.
The phasor portraits of acoustic pressure and the lift force on the arrangement of three
inline cylinders during pre-coincidence are depicted in figure 5.21. The portraits for cylinders
1 and 2 presented in the first two plots in figure 5.21 are reasonably repeatable. However, the
shape is different than the elliptic shape expected for a purely sinusoidal phasor. This shows
that more than a single frequency are dominant in the acoustic and flow fields. However,
the two portraits appear to be essentially similar, with opposite direction of the cycle. This
suggests that the flow structures affecting the two cylinders are highly organized and related
to each other. Cylinder 3 however is affected by distorted cycles of energy transfer, which
suggests that the dominant phase between the phasors changes over the oscillation cycle.
The area of the cycle for cylinder 3 suggests higher contribution to the energy transferred to



























Cylinder 1 Cylinder 2 Cylinder 3
Figure 5.21: Phase portraits of acoustic pressure and dynamic lift coefficients at the peak of
the pre-coincidence acoustic resonance for three evenly-spaced inline cylinders with D= 25.4
mm and L/D = 2.00
the acoustic field. The distortions in the shape can be related to the different flow structures
in the gap and the wake sides of cylinder 3.
Figure 5.22 shows phase portraits during pre-coincidence resonance for the arrangement
of four inline cylinders. For cylinders 1 and 3, the dynamic lift on which appears to be
sustained by the acoustic pressure, are the least distorted, following very narrow cycles that
nearly provide no energy exchange. Cylinders 2 and 4 on the other hand have anti-clockwise
cycles that are wider, albeit much more distorted. The distortion indicates that the flow
regimes within this configuration are complex and not completely organized by the acoustic
resonance, thus do not follow a steady phase, nor do these regimes exhibit just a single
frequency as the resonant acoustic pressure field does.
The phasor portraits of acoustic pressure and the lift force on the arrangement of five
inline cylinders during pre-coincidence are shown in figure 5.23. Phase portraits drawn for
several successive cycles are highly distorted on nearly all cylinders. Cylinders 1 and 4 have
clock-wise cycles which demonstrates that the flow causing the dynamic forces consumes



















































Figure 5.22: Phase portraits of acoustic pressure and dynamic lift coefficients at the peak of
the pre-coincidence acoustic resonance for four evenly-spaced inline cylinders with D = 25.4
mm and L/D = 2.00
energy from the acoustic field. Cylinder 3 is subjected to a complicated cycle, which shows
that the assumption of a single frequency, single phase energy exchange is not the case for
this configuration. This shows that the interactions in the flow field around this number
of cylinders can be responsible for the rise of complex periodic instabilities that are not
completely organized during lock-in.



























































Figure 5.23: Phase portraits of acoustic pressure and dynamic lift coefficients at the peak of
the pre-coincidence acoustic resonance for four evenly-spaced inline cylinders with D = 25.4
mm and L/D = 2.00
5.4.5 Effect of number of cylinders
In this section, the results shown in the previous sections are interrelated to discuss the
effect of increasing the number of cylinders in an inline row on the aeroacoustic response in




1.5 2 cylinders 3 cylinders





cylinder order from upstream










cylinder order from upstream
1 2 3 4 5
Figure 5.24: In-phase and out-of-phase component of the lift coefficient for a row of inline
cylinders with D = 25.4 mm and L/D = 2.00.
cross-flow. It can clearly be seen that the increase in the number of cylinders constitutes a
fundamental change to the flow field, which reflects on the pre-coincidence aeroacoustic
response in the form of preventing any linear increase in the acoustic pressure as more
cylinders are added. The instabilities that lead to the triggering of the feed-back cycle and
thus to the rise of per-coincidence resonance become more complex as more cylinders are
added. It is important to note that the four studied cases have the same cylinder diameter
and the same cylinder center-to-center spacing, which causes the gap shear layer instabilities
to occur at the same flow velocities. The flow regimes for such configurations are expected
to be fundamentally different from each other at the same Reynolds number, as revealed in
detailed investigations of these configuration [12, 13, 36, 38, 39].
To compare the decomposed components of the lift force as an indication of energy
exchange for configurations discussed in this chapter, figure 5.24 shows the values of the
in-phase component cmh and the out-of-phase component cdh at the peak acoustic pressure
of the pre-coincidence resonance. Each series represents one configuration, with each point
representing the order of the cylinder in the cylinder arrangement starting with cylinder 1
as the most upstream cylinder. Dashed lines representing the values of cmh and cdh at the
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peak of the coincidence resonance for the case of a single cylinder of the same diameter for
comparison. The in-phase component, equivalent to an added mass effect, is positive for
all cases, which suggests that the excitation of pre-coincidence resonance through dynamic
flow forces would alter the normal resonance frequency of the surrounding duct. This can
explain that pre-coincidence resonance for all cases locks in with a frequency of around
650 Hz, compared with the theoretical value of 674 Hz, in addition to the effect of the flow
velocity discussed in section 6.5.2.
The out-of-phase component cdh in figure 5.24b during resonance is equivalent to a
damping effect that indicates that energy exchanged maintained by the dynamic lift force
to sustain the pre-coincidence resonance. The upstream cylinder causes positive damping
for all cases, indicating that flow structures around this cylinder are not contributing to
the acoustic resonance. Instead, the acoustic resonance is responsible for the significant
dynamic lift coefficient on the upstream cylinder. On the other hand, dynamic lift coefficient
on cylinder 2 causes negative damping for all cases. The negative damping is highest for the
case of two inline cylinders, and is nearly the same for the remaining cases. The cases with
four inline cylinders, and five inline cylinders had the next-to-most-downstream cylinder
with no or positive damping, which can be the result of complex interactions that lead to
different flow regimes within one of the gaps in the inline row.
5.5 Conclusions
In this chapter, measurements of the dynamic lift coefficient on the configuration of several
evenly spaced inline cylinders of the same diameter are presented. The studied cases included
arrangements of two, three, four, and five inline cylinders of the same diameter of D = 25.4
mm arranged at a center-to-center spacing ratio of L/D = 2.00. The flow velocity range
studied was sufficient to cover the earlier pre-coincidence range of resonance excited prior
to the coincidence of the vortex shedding frequency with the acoustic frequency. Although
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the aeroacoustic response was significantly similar for the studied cases, the features in the
pressure spectra, and in the behavior of dynamic lift force showed interestingly significant
differences. First, pre-coincidence resonance is related to periodic instabilities in the gaps
between cylinders. These instabilities were not identified in the acoustic pressure spectra of
acoustic pressure for the case of two inline cylinders. However, the spectra of three, four, and
five inline cylinders featured the linearly increasing frequency of these periodic instabilities.
The Strouhal number of the instabilities is related to the Rossiter modes of the gap between
each two successive cylinders.
The increase in the number of cylinders in an inline configuration causes a fundamental
change in the characteristics of flow during pre-coincidence resonance. The amplitude
of dynamic lift coefficients changes significantly on all cylinders from cases with fewer
cylinders. Moreover, the phase of the dynamic lift coefficients with the acoustic pressure on
each cylinder is different due to the different flow regime arrangement around each cylinder.
For all the cases, the phase between the dynamic lift coefficient and the acoustic pressure
resulted in positive values of the in-phase component cmh during acoustic resonance, which
indicates that energy exchange takes place and explains the lower value of lock-in frequency
than the theoretical value. Measurements also showed that pre-coincidence resonance
is accompanied by a negative out-of-phase component cdh of the dynamic lift coefficient
relative to the acoustic pressure on some of the cylinders. Negative values of cdh indicate
a system susceptible to excitation, which explains the capability of the flow to trigger and
sustain acoustic resonance. However, flow regimes in the gaps, which depend differently
on Reynolds number according to the number of cylinders in the arrangement, resulted in
positive values of added damping cdh on the upstream cylinder in all configurations, and on
the next-to-most-downstream cylinder for four and five inline cylinders. The pattern of the
phase shift between successive cylinders also suggests that gaps between cylinder exhibit
different regimes during the pre-coincidence resonance.
Close inspection of the phase portraits of actual cycles of acoustic pressure and dynamic
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lift revealed that increasing the total number of inline cylinders decreases the influence the
acoustic pressure have on the dynamic lift. The cycles which are in many cases distorted
from the purely sinusoidal ideal case of a single frequency-single phase system, which
demonstrates that flow regimes are not fully organized by the acoustic field. In some cases,
energy exchange have two different directions in one cycle, where flow field supplies energy
to sustain the acoustic field in part of the cycle and then causes damping during other parts
of the cycle.
The observations in this section shed the light on some of the features of self-excited
acoustic resonance that are not carefully included in common knowledge of the flow-excited
acoustic resonance around configurations with inline cylinders. It can be expected that flow-
excited acoustic resonance for case of an inline tube bundle would feature more complexity
of the flow regimes in the gaps. It is shown that it is not safe to assume that flow regimes in
all gaps in such configuration are fundamentally similar, or gradually changing. Models that
aim to describe or predict the coupled flow and acoustic systems should be built on careful
consideration of the complex patterns of both flow and acoustic fields, with very careful
investigation of the validity of any simplifying assumptions.
Chapter 6
Aeroacoustic Response of Three
Unevenly-Spaced Inline Cylinders
6.1 Introduction
Earlier investigations regarding arrangements of cylinders within proximity interference
in cross-flow showed different aeroacoustic response, suggesting fundamentally different
flow-sound interactions and resonance excitation mechanisms. The current knowledge still
lacks adequate understanding of many flow-sound interaction aspects of common cylinder
arrangements. Parallel cylinders with uneven spacing are common in many applications,
and flow patterns around this configuration can affect flow, heat exchange, and sound prop-
agation [105]. Uneven spacing between cylinders can be commonly found in applications
with stacks or groups of cylinders, such as in multi-span U-tube heat exchanges, overhead
cables, and offshore structures in ocean and wind engineering. Investigations of the flow
around three inline cylinders showed distinct patterns of flow regimes that are likely to
affect the potential of the flow to excite acoustic resonance. However, the effect of uneven
spacing between cylinders on Strouhal numbers and flow-excited acoustic resonance is vastly
unexplored in available literature. Flow-excited acoustic resonance in such configurations
137
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needs investigation as a step towards accurately modelling flow-excited acoustic resonance
around inline arrangements of cylinders.
In this chapter, acoustic resonance excited by flow around the configuration of three
inline cylinders is investigated. When three inline cylinders are in proximity interference
in cross-flow within a duct, flow-excited acoustic resonance potentially occurs at different
ranges of flow velocities. The detailed behavior is dependent on several parameters in-
cluding the diameter of the cylinders, the uneven spacing between cylinders, and the flow
characteristics. The following sections present observations regarding characteristics of flow
and its relation to the occurrence of flow-excited acoustic resonance. A parametric study
is established to investigate the effect of cylinder diameter, spacing to diameter ratios, and
uneven spacing of three inline cylinders in cross-flow on the Strouhal number and acous-
tic response. Results include the aeroacoustic response, particularly the susceptibility to
pre-coincidence resonance triggered by the instabilities of flow regimes within the uneven
gaps. The Strouhal number dependency on the uneven spacing of inline cylinders is pre-
sented. Moreover, the effect of cylinder arrangement on the maximum acoustic pressure
is investigated. Furthermore, the effect of acoustic mode frequency on the flow velocity is
discussed. In addition, a parametric method to predict the susceptibility of unevenly-spaced
three inline cylinders to pre-coincidence resonance is presented.
6.2 Experimental design
Figure 6.1 represents the configuration of unevenly-spaced three inline cylinders, showing
the nomenclature used for the different geometrical variables. The three cylinders are of
equal diameter, D and are labeled 1, 2, and 3 with the labels starting upstream. The center-
to-center spacing between cylinders i and j is Li j, where L12 and L23 are generally not
equal. Experiments are carried out using three different diameters within the typical range
in applications, namely D = 25.4 mm, 19.05 mm, and 12.7 mm. These diameters were









Figure 6.1: The configuration of unevenly spaced three inline cylinders.
selected so blockage within the test section does no exceed 10% and to provide favorable
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Figure 6.2: Matrix of (a) center-to-center gap spacing and (b) spacing ratios investigated in
the experiments.
Figure 6.2 demonstrates the matrix of diameters and spacing ratios used in the exper-
iments. The dashed line represents equal spacing. Spacing ratios L12/D and L13/D range
from 1.25 to 4.00, covering the region of proximity interference. Twenty seven different ar-
rangements were selected including five arrangements where cylinders were evenly spaced.
For each configuration, the acoustic pressure at the pressure anti-node of the first acoustic
transverse mode is recorded for a duration of 60 seconds. The data was then analyzed to
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extract the root mean square of the acoustic pressure Prms and the frequency of the dominant
tone fν. The Strouhal number St of the vortex shedding was calculated from the frequency
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Pa = 2840 Pa 
U∞ = 105 m/s
Three unevenly-spaced inline cylinders
D = 19.05 mm L12/D = 2.00            L23 = 2.63
Figure 6.3: Spectrograms of the acoustic pressure at the pressure anti-node of the first acous-
tic cross-mode for three unevenely-spaced inline cylinders with D = 19.05 mm, L12 = 38.1
mm, and L23 = 50.8 mm
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Experiments were carried out over a range of Reynolds number between Re = 2×104
and 1.8×105. Typical characteristics of the acoustic pressure at the pressure anti-node of
the first acoustic cross-mode can be seen in figure 6.3 which shows the pressure level of the
signal at different frequencies over time. The shown spectrograms are for the aeroacoustic
response of three inline cylinders of diameter D = 19.05 mm and uneven spacing ratios of
L12 = 38.1 mm and L23 = 50.8 mm. These spacing ratios correspond to center-to-center
spacing ratios of 2.00 and 2.67, respectively.
Spectral characteristics of acoustic pressure are shown at four different flow velocities
demonstrating the typical stages of the aeroacoustic response for cases exciting both pre-
coincidence and coincidence resonance. At U∞ = 38 m/s, the dominant frequency in the
acoustic pressure is the vortex shedding frequency fν = 279 Hz, with a Strouhal number of
St = 0.14. At this flow velocity, the acoustic pressure is Prms = 15 Pa. Peaks of significantly
lower amplitudes appear at the acoustic mode frequency around fa = 670 Hz. At a higher
flow velocity U∞ = 58 m/s, the spectrogram shows a sharp persistent peak at fa = 668 Hz.
This resonant tone was triggered before the coincidence between the vortex shedding peak
and the acoustic mode frequency, which was expected to occur at around U∞ = 100 m/s
as per the Strouhal number observed above. Therefore, this sharp resonance at U∞ = 58
m/s is similar to the pre-coincidence resonance reported by Mohany and Ziada [101] for
two tandem cylinders of equal diameters. During pre-coincidence, the acoustic pressure
soared to a high value of Prms = 1509 Pa, equivalent to P∗ = 4.3, which is much higher
than the typical value for coincidence resonance. It is important to note that in many of
the investigated cases, this early region of resonance was not observed. Increasing the flow
velocity further to U∞ = 69 m/s, the lock-in condition ceased to exist. The pressure at the
acoustic mode frequency dropped significantly to match broadband noise levels, and the
frequency fν of the vortex shedding in the wake reappeared. The acoustic pressure dropped
to Prms = 115 Pa. Further increases to the flow velocity gradually increased the frequency fν
as per the Strouhal number St = 0.14. When the flow velocity reached U∞ = 105 m/s, the
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coincidence between the vortex shedding frequency fν and the acoustic mode frequency fa
triggered the coincidence resonance. High acoustic pressure was detected, reaching up to
Prms = 2840 Pa, equivalent to P∗ = 1.4. The coincidence resonance region typically extended
over a wider range of velocities than the pre-coincidence resonance.





















Figure 6.4: Strouhal numbers of vortex shedding for three unevenly-spaced inline cylinders
at different center-to-center spacing ratios.
The analysis of the spectra of the acoustic pressure shown in figure 6.3 shows that with
no acoustic resonance, the frequency of the dominant tone is linearly proportional to the
upstream flow velocity and every configuration can be characterized by a single Strouhal
number according to equation 2.1. The investigations of Igarashi [36] of flow around
evenly spaced three inline cylinders suggests that Reynolds number had no effect on the
Strouhal numbers related to vortex shedding in the studied range of Reynolds number, which
indicates that the main parameter is the spacing ratios between the cylinders. Figure 6.4
shows the effect of the ratio of the two different spacing ratios on the Strouhal number
of vortex shedding observed for three unevenly spaced inline cylinders . The values at a
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ratio of L12/L13 = 0.5 represent the case of even spacing. The calculated values of Strouhal
numbers falls into three distinct groups, depending on the spacing to diameter ratio, L12/D.
A different Strouhal number range exists for cases with a spacing to diameter ratio L12/D
smaller than 1.5, between 1.5 and 3.5, or higher than 3.5. The values of Strouhal numbers
at even spacing agree well with the measurements of Igarashi [36] for three evenly spaced
inline cylinders. Notably, the total spacing was not constrained to a certain value, and that






















































Figure 6.5: Flow field in the vicinity of three unevenly spaced cylinders in absence of
resonance for L12/D = 1.875 and L13/D = 3.175. (a) Time-averaged normalized velocity,
(b) time-averaged normalized vorticity, and (c) instantaneous normalized vorticity.
To investigate the characteristics of the flow field that lead to the three different levels
of Strouhal numbers, particle image velocimetry measurements are carried out on three
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different arrangements of three unevenly-spaced cylinders. In each arrangement, average
normalized vorticityωD/U∞ and average local flow velocity U/U∞ were obtained from 250
instantaneous measurements of the flow field at Re = 2×104. Figure 6.5 shows the flow field
around three cylinders for a configuration associated with the moderate range of Strouhal
number at a Reynolds number of 2×104. The flow field is shown for a configuration of three
cylinders attached at L12/D = 1.75 and L13/D = 3.175. The flow around this arrangement
is associated with a value of St = 0.13. In the top plot in figure 6.5, the streamlines clearly
shows the circulating flow forming in the two gaps. The averaged voticity field shows
that The shear layer separating on the upstream cylinder impinged on the middle cylinder.
Instantineous vorticity shows that the shear layer became unstable before the impingement
point and rolled into vortices that impinged on the downstream cylinder.
Figure 6.6 shows the average normalized average vorticity and average normalized
velocity of the flow around three cylinders spaced at L12/D = 1.75 and L13 = 3.00 at
Re = 2×104. The Strouhal number associated with the flow around this arrangement is
St= 0.12. The average vorticity field shows that the shear layer separates on the first cylinder
and flow over the middle cylinder and impinge on the downstream cylinder. Instantaneous
vorticity contours shows vortices rolling in the gap between the middle and downstream
cylinders only after the impingement point.
Figure 6.7 shows the average normalized vorticity and average normalized velocity of
the flow around three cylinders spaced at L12/D = 3.75 and L13/D = 6.35 at Re = 2×104.
This configuration is associated with a Strouhal number of St = 0.17, closer to the value for
a single cylinder as the cylinders are not in proximity interference. Shear layers separate
at all cylinders, and circulation within the two gaps suggests that vortices roll in both gaps.
Although the three cylinders shed vortices as isolated cylinders, flow downstream of the
upstream cylinder has higher vorticity due to the higher incident flow velocity. Instantineous
vorticity shows that the shear layer can roll into multiple vortices before impingement on
the middle and downstream cylinders.


















































Figure 6.6: Flow field in the vicinity of three unevenly spaced cylinders in absence of
resonance for L12/D = 1.20 and L13/D = 3.00. (a) Time-averaged normalized velocity, (b)
time-averaged normalized vorticity, and (c) instantaneous normalized vorticity.
The characteristics of the flow field in the three different cases shown above indicate
that different Strouhal number indicates the behavior of of the shear layer in the two gaps
separating the three cylinders. When L12/D < 1.50, Strouhal number decreases linearly
from 0.12 to 0.11 as the center to center spacing ratios L12/L13 increases towards equal
spacing. This Strouhal number is associated with a flow pattern where both shear layers in
the two gaps reattach on the surface of the downstream cylinders, and no vortices roll in
the two gaps. This occurs in arrangements with small gaps as there is not enough space for
vortices to roll between cylinders.
Moderate values of spacing to diameter ratio L12/D within the proximity region result





















































Figure 6.7: Flow field in the vicinity of three unevenly spaced cylinders in absence of
resonance for L12/D = 3.75 and L13/D = 6.35. (a) Time-averaged normalized velocity, (b)
time-averaged normalized vorticity, and (c) instantaneous normalized vorticity.
in a higher Strouhal number. The increase of the spacing ratio L12/L13 results in a linear
decrease in Strouhal number, suggesting that the cylinder diameter is not the only length
scale governing vorticity shedding and flow pattern frequencies. As spacing ratio L12/L13
increases from 0.25 to 0.75, Strouhal number decreases from around 0.15 to 0.11. This
Strouhal number is associated with a pattern of flow in which the shear layer separated on
the upstream cylinder reattaches at the middle cylinder, whereas the downstream gap can
contain rolling vortices. The unstable shear layer is associated to susceptibility to trigger
acoustic resonances.
At a spacing to diameter ratio L12/D higher than 3.5, the Strouhal number increases
significantly to 0.17, which characterizes a flow pattern in which vortices separate and roll
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in the two gaps. This occurs for cases where the spacing between cylinders 1 and 2 is nearly
out of the proximity interference region, allowing the shear layer separating on the surface
of cylinder 1 enough space to get unstable and roll vortices that then disrupt the shear layer
between cylinders 2 and 3, which in turn roll vortices.
The effect of the ratio L12/L13 on Strouhal number stems from the effect of the location
of cylinder 2 on the two shear layers separating on opposite sides of cylinder 1. As cylinder
2 comes closer to cylinder 1, the gap between cylinders 1 and 2 becomes not able to have
significant recirculation, and the shear layers therefore flow further away from the symmetry
axis, which leads to an increase in the effective diameter, and a decrease in the Strouhal
number.
It is important to note that this pattern of Strouhal number dependency on spacing is not
significantly affected by the Reynolds number for the investigated cases. For each case, the
value of Strouhal number is extracted from the dominant peak when no resonance occurs.
The linear dependency of shedding frequency fν holds over the investigated range of flow
velocities, covering a range of Reynolds numbers up to Re = 2 ×105, which is the same case
for three even-spaced cylinders. The effect of spacing ratios on Strouhal numbers extends
to the aeroacoustic response as will be discussed in the following section.
6.5 Excitation of acoustic resonance
In all tested cases, acoustic resonance occurs at a range of velocity at which the wake
vortex shedding frequency fν coincides with the acoustic mode frequency fa. A lock-in
condition always occurs at the coincidence between the two frequencies, and the acoustic
pressure increases significantly. The dependency of Strouhal number on the spacing between
cylinders leads to the triggering of coincidence lock-in at different ranges of reduced velocities.
Moreover, the acoustic pressure at the peak of coincidence resonance is affected by the pattern
of flow within the row of cylinders.
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At some cases, flow velocities that cause vortex shedding at significantly lower frequencies
than the acoustic mode frequency were able to excite acoustic resonance. The resonance
that occurs prior to coincidence is typically stronger. Pre-coincidence resonance, however,
occurs only in some of the cases of significantly large diameters, and is strongly influenced
by the spacing of the cylinders. Only one of the experiments done with the smallest diameter,
D= 12.7 mm gave rise to marginally low acoustic pressure during pre-coincidence resonance.
Moreover, all experiments with even spaced cylinders of diameters D = 19.05 mm and 25.4
mm gave rise to pre-coincidence. In the following sections, The aeroacoustic response of
sample cases of three inline cylinders follows to show the different response to increasing
flow velocities for cases with different diameters and spacing ratios. After that, an analysis
to determine the parameters that govern occurrence of pre-coincidence acoustic resonance
as well as the resonance frequency and acoustic pressure is presented.
Figure 6.8 shows the frequency and the normalized pressure of the recorded signal at
each reduced velocity for the case of three inline cylinders of a diameter D = 25.4 mm
and even spacing ratios of L12 =L23 = 2.00 D. As can be seen, the acoustic resonance is
excited over two regions of reduced velocities. The pre-coincidence is much stronger, exciting
pressure oscillations that reach a normalized value of P∗ = 3.0. The lock-in extends over
the range of velocities between 3.5 and 4.5. After the lock-in condition ends, the observed
frequency reverts back to the linear relationship, with a Strouhal number St= 0.132. Further
increase of the flow velocity triggers the coincidence resonance when the vortex shedding
frequency coincides with the acoustic mode frequency. The normalized acoustic pressure
of coincidence resonance is much lower than that of the pre-coincidence resonance, not
exceeding P∗ = 0.6.
The aeroacoustic response of configurations of three inline cylinders with diameter
D = 19.05 mm is fundamentally similar. Despite different spacing ratio, Strouhal number
is nearly the same as the case with larger cylinder diameter, St = 0.132, indicating that
the flow regimes around the two cases are essentially the same. In figure 6.9, the two
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Figure 6.8: Aeroacoustic response of three inline cylinders of a diameter D = 25.4 mm and
equal spacing ratios of L12 =L23 = 2.00D.
regions of pre-coincidence and coincidence resonance are observed for three evenly-spaced
inline cylinders at L12/D = L23/D = 2.67. Pre-coincidence resonance is triggered at a lower
reduced velocity than the case in figure 6.8. The difference indicates that the effect of the
spacing ratio on the excitation mechanism of pre-coincidence resonance is not accounted
for by using the diameter to normalize flow velocity.
The aeroacoustic resonance of three inline cylinders of diameter D = 12.7, either with
even or uneven spacing did not trigger the pre-coincidence resonance. The case in 6.10
shows the aeroacoustic response of a row of three inline cylinders of a diameter of D = 12.7
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Figure 6.9: Aeroacoustic response of three inline cylinders of a diameter D = 19.05 mm and
equal spacing ratios of L12 =L23 = 2.67D.
mm evenly spaced at L12 =L23 = 2.00D. The Strouhal number St = 0.134 agrees with
the Strouhal number of the two cases described above. Occurrence of acoustic resonance
is observed only at the coincidence between the vortex shedding and the acoustic mode
frequencies. The normalized pressure for the three cases is close to 0.8, in agreement
with the values observed for the coincidence resonance for the three cylinder diameters.
The absence of the pre-coincidence resonance for small diameters is related to the lack of
sufficient flow kinetic energy to overcome losses related to turbulence and acoustic radiation
at low flow velocities, preventing initiation of the necessary feedback cycle needed to grow
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Figure 6.10: Aeroacoustic response of three inline cylinders of a diameter D = 12.7 mm and
even spacing ratios of L12 =L23 = 2.00D.
oscillations to sustainable resonant levels. The threshold of flow kinetic energy sufficient
to excite resonance depends on the flow regime, three dimensionality of the flow, and the
turbulence level in the upstream flow.
Uneven spacing has a significant effect on many aspects of the aeroacoustic response of
three inline cylinders. For instance, the normalized acoustic pressure at coincidence depends
on the spacing between cylinders. More notably, the excitation of pre-coincidence resonance
was only observed for some of the cases with diameters D = 19.05 mm and 25.4 mm. A
sample of the detailed aeroacoustic response for cases with uneven spacing is presented
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Figure 6.11: Aeroacoustic response of three unevenly-spaced inline cylinders with D = 25.4
mm. (a) with spacing ratios L12/D =2.25 and L23/D =1.75 and (b) L12/D =1.50 and L23/D
=2.50
Figure 6.11a shows the aeroacoustic response of two cases of the diameter D = 25.4 mm.
Both cases have the same spacing ratio between cylinders 1 and 3, equal to L13 = 4.00D,
with different location of the middle cylinder, creating two different situations, that cause
two different acoustic responses. In figure 6.11a for cylinders at spacing ratios L12/D = 2.25
and L23/D = 1.75, both pre-coicndeince and coincidence resonance were triggered and
resulted in close values of normalized pressures of around P∗ = 3.0. Lock-in conditions were
observed between Ur = 4.0 to 4.6 and between Ur = 6.0 and 8.0. Coincidence resonance
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was still in effect, although with reduced normalized pressure at the highest flow velocity.
Vortex shedding frequency increased linearly before pre-coincidence and between the two
resonance regions according to a Strouhal number of St = 0.132.
In contrast, the case in figure 6.11b with spacing ratios of L12/D = 1.50 and L23/D = 2.50
only triggered one range of resonance, at the coincidence condition. The resonance was
triggered at Ur = 7.0 and continued through out the tested velocity range. The onset of
resonance at high flow velocity is a result of the low Strouhal number St = 0.12. The nor-
malized pressure observed during the coincidence resonance reached P∗ = 1.2 at Ur = 8.50
before decreasing gradually. Results for all studied cases with a diameter of D =25.4 mm
are shown in table 6.1.
Table 6.1: Acoustic resonance results for three inline cylinders of diameter D = 25.4 mm
Row configuration Pre-coincidence Coincidence
# D L12 L23 L13 St M SPL fa M SPL fa
(mm) (mm) (mm) (mm) (dB) (Hz) (dB) (Hz)
1 25.40 31.75 69.85 101.60 0.106 0.391 166 578
2 25.40 38.10 38.10 76.20 0.111 0.431 169 583
3 25.40 38.10 50.80 88.90 0.112 0.399 164 597
4 25.40 38.10 63.50 101.60 0.120 0.407 168 611
5 25.40 44.45 57.15 101.60 0.129 0.208 164 657 0.375 163 605
6 25.40 50.80 38.10 88.90 0.126 0.312 171 630
7 25.40 50.80 50.80 101.60 0.132 0.196 157 658 0.327 154 645
8 25.40 57.15 44.45 101.60 0.132 0.208 159 656 0.304 169 629
9 25.40 63.50 38.10 101.60 0.126 0.200 147 656 0.304 168 631
10 25.40 69.85 31.75 101.60 0.113 0.304 170 623
The acoustic response of two cases with a diameter D = 19.05 mm is shown in figure 6.12.
For the two compared cases, the spacing ratio between cylinders 1 and 2 is the same at
L12/D = 1.33. The change in the spacing ratio L23/D, and thus in the total spacing spacing
ratio, resulted in different behavior regarding the occurrence of pre-coincidence resonance.
The arrangement of three inline cylinders in figure 6.12a has a larger spacing between
cylinders 2 and 3. Vortex shedding occurs at close Strouhal numbers St = 0.123 and 0.124
which results in a similar behavior of the coincidence resonance excited at a reduced velocity
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Figure 6.12: Aeroacoustic response of three unevenly-spaced inline cylinders with D = 19.05
mm. (a) with spacing ratios L12/D =1.33 and L23/D =3.33 and (b) L12/D =1.33 and L23/D
=2.67
of Ur = 7.9. This stage of resonance reaches the highest peak at Ur = 8.6 and then decreases
gradually. Although the tested reduced velocity range is wider than cases in figure 6.11 due
to the diameter reduction, the lock-in region is wide enough that in both cases, resonance
is still in effect at the highest tested reduced velocity. The maximum normalized pressure
of coincidence resonance was P∗ = 2.4 for case (a) and 1.9 for case (b). Pre-coincidence
resonance was observed in case (a) but not in case (b). The normalized pressure during
pre-coincidence reached a maximum value of P∗ = 4.4 at Ur = 4.7. Results for all studied
cases with a diameter of D =19.05 mm are shown in table 6.2.
Finally, results for all studied cases with a diameter of D = 12.7 mm are shown in table
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Table 6.2: Acoustic resonance results for three inline cylinders of diameter D = 19.05 mm
Row configuration Pre-coincidence Coincidence
# D L12 L23 L13 St M SPL fa M SPL fa
(mm) (mm) (mm) (mm) (dB) (Hz) (dB) (Hz)
1 19.05 25.40 50.80 76.20 0.123 0.343 167 630
2 19.05 25.40 63.50 88.90 0.124 0.176 159 669 0.312 168 632
3 19.05 31.75 57.15 88.90 0.139 0.168 155 666 0.296 166 643
4 19.05 38.10 50.80 88.90 0.140 0.168 158 668 0.304 163 642
5 19.05 44.45 44.45 88.90 0.134 0.256 142 628
6 19.05 50.80 25.40 76.20 0.121 0.240 166 653
7 19.05 50.80 38.10 88.90 0.133 0.176 152 665 0.248 145 659
8 19.05 50.80 50.80 101.60 0.134 0.216 163 661 0.296 158 641
9 19.05 57.15 31.75 88.90 0.123 0.232 161 651
10 19.05 63.50 25.40 88.90 0.122 0.240 162 663
6.3. Pre-coincidence resonance was only observed for one case with uneven spacing ratios
of L12/D = 3.50 and L23/D = 2.00. Even in this case, both pre-coincidence and coincidence
resonance sound pressure levels were the lowest values of all the studied cases at SPL = 139
dB and 135 dB, respectively.
Table 6.3: Acoustic resonance results for three inline cylinders of diameter D = 12.7 mm
Row configuration Pre-coincidence Coincidence
# D L12 L23 L13 St M SPL fa M SPL fa
(mm) (mm) (mm) (mm) (dB) (Hz) (dB) (Hz)
1 12.70 19.05 50.80 69.85 0.145 0.208 159 661
2 12.70 25.40 25.40 50.80 0.132 0.184 141 653
3 12.70 25.40 50.80 76.20 0.143 0.200 160 668
4 12.70 31.75 38.10 69.85 0.139 0.184 152 668
5 12.70 44.45 25.40 69.85 0.122 0.132 139 674 0.176 135 673
6 12.70 50.80 19.05 69.85 0.170 0.152 139 673
7 12.70 50.80 25.40 76.20 0.171 0.152 144 674
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6.5.1 Effect of cylinder configuration on onset of pre-coincidence res-
onance
In order to investigate the fundamental phenomena responsible for the excitation of pre-
coincidence resonance, the parameters influencing the excitation of pre-coincidence reso-
nance are studied. The identification of the limits that can determine whether pre-coincidence
resonance would materialize is important to ensure safe design consideration of similar con-
figurations, and enables an understanding of this phenomena. The configuration of three
inline cylinders does not impose significant blockage on the flow in the duct, or cause any
significant change in the acoustic characteristics of the first acoustic cross-mode. Moreover,
the pre-coincidence resonance occurs at a close range of flow velocities, which means that
Reynolds number effect on onset of resonance is insignificant. On the other hand, the ar-
rangement of three inline cylinders had a distinct pattern of Strouhal numbers that indicates
significant changes in flow regimes between cylinders as discussed in section 6.4. Flow
regimes indicated by the value of Strouhal number are potentially a determining parameter
that controls the onset of pre-coincidence resonance. In addition, it was previously revealed
by Mohany and Ziada [101] that sufficient spacing between cylinders is required for the shear
layer between cylinders to become instable and susceptible to pre-coincidence resonance.
Therefore, spacing ratios are considered as a potential parameter that would affect whether
a configuration would give rise to pre-coincidence acoustic resonance. Moreover, the kinetic
energy available in the flow at the range of velocities where pre-coincidence is expected is
a determining factor. In the upcoming analysis, the flow velocity at which pre-coincidence
resonance is first deduced from resonating cases, and then used to identify the potential
values of flow kinetic energy to study its relationship to the occurrence of resonance.
Figure 6.13 shows the relationship between the acoustic mode frequency at the peak
acoustic pressure fa of the pre-coincidence resonance, and the flow velocity. When the
spacing L13 is used as a characteristics length, a Strouhal-like linear relationship can be














Figure 6.13: Dependency of coincidence resonance frequency on flow velocity
identified. The slope of the line in figure 6.13 is equivalent to a value of the Strouhal-like





Interestingly, the value of Stpre is close to 1.0. Such values are characteristic of the 2
nd
Rossiter mode, the shear layer mode responsible for acoustic resonance excitation by flow
over cavities [106]. This suggests that the pre-coincidence resonance occurs when the
shear layer separated at the upstream cylinder becomes unstable before it reattaches on the
downstream cylinder, which occurs in certain patterns of flow around three cylinders [36].
The unstable shear layer engages in a feedback mechanism and creates resonant conditions.
For pre-coincidence resonance to get excited, shear layer instabilities have to overcome
energy losses and acoustic damping in the system so that the acoustic mode grows to self-
sustainable levels. Thus, a critical flow velocity where pre-coincidence resonance is expected
to occur can be calculated from equation 6.2.
Ucr = Stpre fpre L13 (6.2)

































Figure 6.14: Effect of vortex shedding Strouhal number and total spacing ratio on the
occurrence of pre-coincidence acoustic resonance.
Figure 6.14 shows the effect of the spacing ration between cylinders 1 and 3, L13, and
the Strouhal number of the vortex shedding, St, on the susceptibility of an arrangement of
three inline cylinders to pre-coincidence resonance. A tested case is considered resonant
if it produces acoustic pressure of higher than Prms = 200 Pa at the peak of resonance. In
figure 6.14a, all cases of diameters D = 19.05 mm and 25.4 mm are shown. Pre-coincidence
resonance is set to occur for cases with a Strouhal number higher than 0.13, and is more
likely to occur for cases with a higher spacing, L13/D > 3.5. The effect of vortex shedding
Strouhal number on excitation of pre-coincidence resonance shows the influence of flow
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regimes within the gaps on the aeroacoustic response of the row of three inline cylinders.
The occurrence of pre-coincidence resonance requires flow regimes where the shear layer
has enough space to become unstable before impingement on the downstream cylinder.
Sufficient spacing L13 is required between cylinders 1 and 3 so that shear layer separating
on the surface of cylinder 1 has sufficient space to become unstable. The dependency on
the total spacing L13 rather than L12 or L23, in addition to the value of Stpre suggests that the
first Rossiter mode of the total gap between cylinders may not be able to sustain oscillations,
as the location of the middle cylinder can become a barrier to its development.
Figure 6.14b shows the influence of the dynamic head at the critical flow velocity, defined
in equation 6.2 on the excitation of acoustic resonance after inclusion of all studied cases.
Cases of the smallest diameter D = 12.7 mm did not give rise to pre-coincidence resonance
of more than 170 Pa, which is barely higher than the resonance caused by turbulence,
and therefore was not considered resonant. It can be seen that the variable St L13/D can
distinguish resonant cases after the flow dynamic head at the critical velocity, 12ρU
2
cr exceeds
a threshold. The threshold depends on the acoustic characteristics of the duct, as well as the
flow blockage and the level of turbulence. In the cases studied in this work, the threshold
was close to 2000 Pa.
6.5.2 Effect of flow velocity on frequency of acoustic resonance
The acoustic resonance data in tables 4.1, 6.1, 6.2, and 6.3 show different values of frequency
at lock-in conditions. For all cases, lock-in condition forces the frequency of vortex shedding
to stay equal to the frequency of the acoustic mode. The theoretical value of the first acoustic
transverse mode of the duct is 675 Hz, higher than all of the actual frequencies achieved at
lock-in. This is partly due to the effect of coupling between the flow and acoustic oscillations
during lock-in. The coupling causes an added mass effect effectively reducing the lock-in
frequency, as observed in experimental results presented in chapter 5.
Moreover, much of the the reduction in acoustic mode frequency can be attributed to
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acoustic convection. Ducts of rectangular cross sections of dimensions B in the spanwise x
direction, H in the transverse y directions, with flow of Mach number M in the streamwise
z direction can sustain acoustic modes according to equation 6.3.





















where k+z,m,n and k
−
z,m,n are the upstream and downstream wave numbers of the three di-
mensional mode m,n,z. Wave numbers are different due to the different flow velocity with
respect to the wave propagation velocity in the upstream and downstream directions. For
the first acoustic transverse mode excited during the lock-in in the rectangular test section,
m= 0, and n= 1. Munjal [107] shows that the the upstream and downstream wave numbers














It follows that for acoustic energy propagation in the z stream-wise direction, the term
under the square root should be positive. A cutoff frequency at which energy is not able to










Once excitation frequency exceeds fcutoff, the wave is able to propagate through the test
section. Equation 6.5 demonstrates the effect of the flow velocity on the cut-off frequency,
where increasing the Mach number decreases the cutoff frequency non-linearly, allowing
excitation to propagate through the test section at lower frequencies.
Figure 6.15 shows the acoustic frequency at the peak of the resonance at different Mach
numbers for both coincidence and pre-coincidence resonance. The solid line represents the











Figure 6.15: Effect of Mach number on the acoustic frequency at the peak of resonance.
theoretical cutoff frequency calculated for the same range of Mach number using equation
6.5 for c0 = 343 m/s and H = 0.254 m. The decrease in the acoustic mode frequency affects
the acoustic mode of the resonance. As noted by Blevins [76], the existence of cylinders
within the cross section causes the natural frequency of the excited modes to occur slightly
below the cutoff frequency, thus becoming trapped around the excitation source. As the flow
velocity increases, the trapped acoustic mode frequency decreases accordingly.
The decrease of the acoustic frequency of the transverse acoustic mode during lock-in
might be negligible at low Mach numbers. However, it can be seen that a decrease of more
than 8% can be a result of a lock-in condition at a Mach number of around 0.4. This effect
can be dangerous as it decreases the flow velocity at which resonance occurs lower than the
design value, especially for resonant conditions at higher Mach numbers where resonance is
expected to result in higher sound pressure levels. Therefore, it can be crucial to include the
dependency of the natural frequency of the duct mode on Mach number in the calculation
of the flow velocities at which resonance is set to occur.
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Figure 6.16: Acoustic pressure at the peak acoustic pressure of flow-excited acoustic reso-
nance for unevenly-spaced three inline cylinders.
6.5.3 Effect of cylinder arrangement on acoustic pressure
The spacing ratios and diameter of the three inline cylinders had a significant effect on the
Strouhal number as well as on the frequency of acoustic resonance. Therefore, it is expected
that the acoustic pressure at the peak of resonance is affected by the same parameters.
The effect of diameter is mainly due to the increase in flow energy. The dynamic head at
resonance Pk,resfor any configuration can be calculated as;
Pk,res =




Taking the effect of higher flow velocity on the values of fa and ρ into consideration, the
dependency of D2 results in significantly higher acoustic pressure for cylinders of higher
diameters. The diameter of the cylinders has another important effect on the trapping of the
output acoustic energy around the source [101]. Cylinders of larger diameters introduce
more changes to the acoustic field, therefore causing acoustic energy to become more
concentrated around the cylinder arrangement. Figure 6.16 shows the acoustic pressure at
the peak of pre-coincidence or coincidence resonance for the tested cases. To characterize
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resonant cases with values of P∗ lower than 0.2 were not included. The increase in input
flow energy, mainly due to an increase in diameter as well as the decrease in the total spacing
ratio L13/D causes an increase in the resonance acoustic pressure. The effect of the decrease
in spacing ratio L13/D is due to the row becoming more compact, concentrating the acoustic
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Figure 6.17: Normalized pressure dependency on spacing ratio of cylinders at the peak of
coincidence acoustic resonance for a tow of three inline cylinders.
Another notable effect of spacing on the aeroacoustic response can be seen in figure 6.17.
The figure shows the effect of the the spacing ratio between cylinder 2 and 3, and the
normalized pressure of the coincidence resonance. The normalization in equation 2.11 is
based on sound generated from vortex shedding as seen in equation 2.9, and therefore it can
characterize the dependence of coincidence resonance on parameters accurately. Figure 6.17
shows that if cylinders 2 and 3 are closer to each other, the coincidence resonance results in
significantly high normalized pressure. this can be due to the interference between the two
cylinders, which at this close spacing, are not expected to have two locations of separation
on them and would behave like one body. As the spacing ratio L23/D increases, lower
normalized pressure around 1.0 is achieved at the spacing ratio of L23/D of 2.0. As the
spacing ratio L23/D is then increased, the normalized pressure increases nearly linearly,
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as the cylinders act more like isolated cylinders with their separate wakes with vortices
shedding downstream of each cylinder.
6.6 Conclusions
In this chapter, the aeroacoustic response of the arrangement of three unevenly-spaced
inline cylinders was investigated. Experiments were carried in a rectangular test section
at a blockage ratio of less than 10%. The three diameters of D = 12.7 mm, 19.05 mm,
and 25.4 mm were selected to ensure that the flow velocities required for excitation of
pre-coincidence and coincidence resonance are achieved. The three cylinders were spaced
so that each two cylinders are in proximity interference, with a total spacing ratio between
L13/D between 3.00 and 6.00, and even or uneven spacing ratios L12/D and L23/D. The
general characteristics of the aeroacoustic response of this configuration showed that the
coincidence resonance was set to occur at any combination of spacing ratios. On the other
hand, the pre-coincidence resonance only occurred for a set of cases that satisfied conditions
regarding the Strouhal number of vortex shedding and the spacing ratio of cylinders 1
and 3. The Strouhal number of vortex shedding showed clear dependency on the ratio
between the center-to-center spacing ratios L12/L13. Moreover, three different patterns of
flow caused different ranges of Strouhal numbers depending on the spacing ratio L12/D.
Particle image velocimetry at Re = 2×104 was used to identify the flow patterns around
three different arrangements characterized by three different Strouhal numbers. Depending
on the ratios L12/L13 and L12/D, the shear layer separating on the upstream cylinder may
either impinge on the middle cylinder or the downstream cylinder. For cylinders not in
proximity interference, independent shear layers separate on the cylinders.
Pre-coincidence resonance occurred for many cases of the diameters D = 25.4 mm and
19.05 mm. However, cylinders of the smallest diameter D = 12.7 mm caused insignificant
or no pre-coincidence resonance. Pre-coincidence resonance was excited at a Strouhal-
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like number based on the spacing L13 as a characteristic length, and its value around 1.0
indicates that the excitation is related to 2nd mode shear layer instabilities. In order for
pre-coincidence resonance to occur, the flow pattern around the cylinder arrangement causes
vortex rolling in the gap between cylinders 2 and 3, which can be identified by the value of
the Strouhal number of vortex shedding St around 0.13. Moreover, the input flow energy,
which depends on D2 is a determining factor in the excitation of pre-coincidence, which is
set to occur at flow velocities lower than the coincidence resonance.
The excitation of acoustic resonance at higher flow velocities results in a decrease in the




, and can be significant at
Mach numbers exceeding 0.25. The inclusion of this behavior in design guidelines is crucial
as flow tends to decrease the flow velocity at which excitation of resonance is expected,
consequently decreasing design margins of safety. Moreover, if the effect of flow velocity
is taken into account, the conditions necessary for excitation of acoustic resonance can be
examined with better evaluation of the excitation parameters, resulting in more reliable
predictions.
The acoustic pressure at the peak of resonance depends on the available flow energy at
the excitation critical flow velocity. Arrangements of cylinders with larger diameters or lower
flow velocity are more likely to excite acoustic resonance. The spacing-to-diameter ratio
between cylinders 1 and 3 had a significant influence on the level of acoustic pressure for
both coincidence and pre-coincidence resonance. Moreover, the spacing-to-diameter ratio
between cylinders 2 and 3 had a significant effect on the normalized pressure of coincidence
resonance, which reaches a minimum value around L23/D = 2.00.
The aeroacoustic response of unevenly-spaced inline three cylinders is significantly differ-
ent from that of similar configurations of cylinders. The effect of the cylinder arrangement
on Strouhal number and aeroacoustic behavior indicates the complexity of the coupled
flow and acoustic phenomena around inline arrangements of cylinders, and warns against
assumptions extended from configurations that might be considered similar.
Chapter 7
Conclusions
7.1 Summary and conclusions
In this work, the mechanism of acoustic resonance excitation by flow over inline arrange-
ments of cylinders in cross-flow is experimentally investigated. Experiments were carried out
in an open-loop wind tunnel capable of driving air flow at velocities up to 100 m/s to excite
the first transverse acoustic mode of a rectangular wind tunnel section. Experimental investi-
gations were also carried out to study the flow-sound interaction mechanism around multiple
evenly-spaced inline cylinders of equal diameter when placed in proximity interference. A
parametric investigation of the aeroacoustic response of a single row of inline cylinders of
equal diameter at ta fixed spacing ratio at proximity interference is carried out to identify
the effect of the diameter, spanwise length, and number of cylinders on the susceptibility
to excitation of acoustic resonance. Results show that the diameter of the cylinders in the
arrangement is a determining factor that determines whether pre-coincidence resonance is
expected to take place. The spanwise length of cylinders had no significant effect on the
aeroacoustic response, while the increase in the number of cylinders increased the sound
pressure level in a diminishing way. The revealed effect of the investigated parameters was
used to propose a resonance parameter to test for the susceptibility of a design configuration
166
CO N C L U S I O N S 167
to pre-coincidence resonance. The formula implies that cases with higher diameters and
wider gaps are more susceptible to pre-coincidence. Moreover, pre-coincidence resonance
requires conditions of sufficient flow dynamic head and Mach number expected at the flow
velocity at which frequency coincidence occurs. Moreover, as the number of cylinders in
the arrangement increases, pre-coincidence resonance is easier to excite. Using this criteria,
designs of inline tube bundles should be checked for susceptibility to acoustic resonance.
Measurements of dynamic lift force on each of a number of inline cylinders ranging
from two to five were carried out simultaneously along with measurements of acoustic
pressure at the pressure antinode of the first transverse acoustic mode. Measurements were
done over a range of velocity before, during, and after the excitation of pre-coincidence
acoustic resonance. Results show that the excitation of pre-coincidence resonance induces a
significant increase in the dynamic lift coefficients on all cylinders in the inline arrangement,
depending on the total number of cylinders in the inline arrangement. The increase in
the total number of cylinders in each arrangement resulted in a different flow structure,
and a different behaviour during resonance not only for the added cylinders, but on all
cylinders other than the upstream cylinder. Using phase data available through simultaneous
measurements of acoustic pressure and dynamic lift force, the lift coefficients on each cylinder
in the studied cases were decomposed into orthogonal components in-phase and out-of-phase
with the acoustic pressure. The out-of-phase component of the dynamic lift coefficients is
then used to identify the equivalent negative damping induced by each individual cylinder
to the system as an indicator of its contribution to the acoustic resonance. Results show that
upstream cylinder does not significantly contribute to the pre-coincidence resonance due to
the negligible dynamic lift coefficients. On the other hand, acoustic resonance excited by
the flow around configurations of two and three inline cylinders resulted from a collective
contribution of all cylinders other than the upstream cylinder. However, configurations with
four and five inline cylinders had both the upstream cylinder and the cylinder second to
the most downstream not contributing to the acoustic resonance. At the peak of resonance
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excitation, measurements show that although a configuration of a higher number of inline
cylinders has high dynamic lift coefficients on all cylinders except the upstream one, the
phase between the acoustic pressure and the dynamic lift force on certain cylinders may
not allow for contribution to the acoustic resonance. Moreover, acoustic resonance drives
more organized sinusoidal fluctuations of lift force on cylinders in arrangements with fewer
number of cylinders. As the number of cylinders increase, modelling the acoustic resonance
influence on the flow field, thus on the dynamic lift force, would require more insight on
the complex flow field around each cylinder.
To experimentally identify the effects of uneven spacing on the flow-excited acoustic
resonance, arrangements of three cylinders of equal diameter with different center-to-center
spacing are attached in the test section in proximity interference. The three cylinders are
positioned at the antinode of the acoustic particle velocity of the first transverse acoustic mode
of the test section. Optimized sets of cylinder arrangements are selected to investigate the
effect of the effect of the cylinder diameter, total center-to-center spacing ratio, and the ratio
of the two gap lengths on the onset and acoustic pressure level of the flow excited acoustic
resonance. Results showed that the arrangement of three unevenly-spaced inline cylinders
of equal diameter is susceptible to onset of acoustic resonance at two different ranges of flow
velocities. Acoustic resonance that occurs at higher flow velocities is excited when vortex
shedding frequency coincides with the frequency of the transverse acoustic mode. An earlier
resonance that occurs at lower flow velocities may be excited at a Strouhal number related to
the Rossiter mode of the gap between the upstream and downstream cylinders. For this pre-
coincidence mode, no peak is detected in spectra of acoustic pressure prior to the excitation of
resonance. Moreover, pre-coincidence resonance materializes only under certain conditions.
The Strouhal number of vortex shedding revealed by investigation of the acoustic pressure
spectra shows that the flow structure around the three cylinders depends on the spacing to
diameter ratio as well as the ratio between the two gap lengths. Cylinder arrangement that
cause certain flow structures in which the shear layer separating on the upstream cylinder
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becomes unstable and rolls into vortices before impending on the downstream cylinder
are susceptible to excitation of pre-coincidence resonance. Furthermore, the ratio between
cylinder diameter and the spacing between the centers of the most upstream and most
downstream cylinders is an important parameter that dominates the aeroacoustic behaviour
of this arrangement. Arrangements with higher spacing ratios have a longer distance in
which the shear layer is allowed to become unstable and engage in a feedback cycle, which
triggers acoustic resonance. Acoustic resonance occurs at a frequency that is dependant
upon the flow velocity, the Strouhal number of the second Rossiter mode based on the gap
length, and the distance between the centers of the upstream and downstream cylinders. In
addition, a minimum flow energy is required for the flow to excite pre-coincidence acoustic
resonance. As resonance of the same transverse mode is excited at higher velocities, the
frequency of the mode decreases due to the effect of the wave-convection flow velocity on
the cut-off frequency of the first transverse mode. Unless proper correction is taken into
consideration, designs can overestimate safety margins and reach flow velocities that can
excite acoustic resonance.
7.2 Research contributions
This work extends the current fundamental knowledge of the flow-sound interaction mech-
anism to the arrangement of multiple inline cylinders as an effort to bridge the gap of
knowledge to the case of inline tube bundles. Fundamental knowledge are reported and
interpreted to help model the complex phenomena of flow-excited acoustic resonance. The
main contributions offered by this work are:
• The aeroacoustic response of arrangements of multiple inline cylinders in proximity
interference are reported for the first time. The effect of the number of cylinders on
the onset and acoustic pressure level of pre-coincidence resonance is presented.
• A parametric formula is proposed to check if a design of inline arrangement of cylinders
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is susceptible to pre-coincidence resonance.
• This work presents detailed dynamic lift coefficients on individual cylinders as well as
the simultaneously measured phase of each coefficient with a reference acoustic pres-
sure signal for a number of inline equally-spaced cylinders in proximity interference.
The influence of pre-coincidence acoustic resonance on the amplitude and phase of
the lift coefficients is illustrated.
• The information presented regarding the decomposition of dynamic lift force provides
a quantitative indicator for the contribution of each cylinder in the inline arrangement
to the acoustic field, indicating that not all cylinders create similar dipole acoustic
sources, nor do they contribute the same rate of acoustic energy to the resonant field.
• This work provides a detailed investigation of the effect of uneven spacing on the
flow around three inline cylinders of equal diameter in proximity interference. The
Strouhal number of vortex shedding is presented for this configuration for the first
time and is related to the total spacing between cylinder centers as well as the ratio of
the spacing to the cylinder diameter.
• Excitation of pre-coincidence acoustic resonance by fluid flow around three unevenly-
spaced inline cylinders is experimentally studied, and the discussion included in this
work reveal the parametric interactions responsible for onset and acoustic pressure
level of this particular mechanism of resonance.
• The contribution of flow structures associated with certain ranges of Strouhal number
with the onset of pre-coincidence resonance are reported for the first time, providing
evidence on the vital role of shear layer instabilities to pre-coincidence resonance.
• Inspection of the acoustic mode frequency during pre-coincidence and coincidence
acoustic resonance showed that high flow velocity can lead to occurrence of acoustic
resonance at lower frequencies, which might result in smaller safety margins in some
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applications. Taking this point into consideration is vital for designs to safely avoid
hazardous acoustic resonance for applications that include high flow velocities.
7.3 Recommendation for future investigations
The contributions of this work pave the road for a more comprehensive understanding of
the flow-sound interaction mechanisms that lead to excitation of pre-coincidence resonance.
The conclusions of this work affirm answers to questions regarding the potential of the
studied flow structures to couple with the acoustic modes. However, the results of this work
open the door for some interesting questions that can help the understanding of related
phenomena.
First, there is a need to get a clearer understanding of the changes that occur to the flow
structures due to acoustic resonance, which will require advanced full-field flow velocimetry
measurements that are phase locked with the acoustic pressure. Such quantitative data are
needed if we aim to formulate an analytical or numerical coupling model that can predict
the acoustic resonance pressure level, a goal that is not currently achieved.
In addition, investigations of the acoustic resonance excitation mechanisms of inline
configurations should be extended to configurations with a slightly or highly staggered
cylinders. Such arrangements are the building units for staggered tube bundles and the
complex flow structures around such configurations can give rise to similar or different
coupled phenomena. Investigations should also be extended to the effect of fins on the
currently perceived behaviour, as fins have been found to significantly alter many aspects of
flow and acoustic fields.
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